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Abstract
The fabrication of carbonaceous materials with required structures and properties has been 
intensively investigated in recent years. Among all the efforts, the application of ball milling 
synthesis in designing nanostructured carbonaceous materials has some advantages in structure 
control, large production quantities and efficient process. However, the formation mechanism 
and the detailed influence of treatment conditions on carbonaceous materials are not well 
established. It is, therefore, very important to perform a systematic study and understand the 
mechanism of the process, so that ball-milling fabrication can be used more wisely and 
efficiently in the creation of new carbon nanostructures with desired properties, which is the 
main goal of this thesis work. 
During carbon nanomaterial fabrication with ball-milling method, it is discovered that the 
atmosphere can significantly affect the structure of the products. Ammonia can protect the in-
plane aromatic structure of graphite and form thin graphite flakes, while the same ball milling 
in argon leads to amorphous structure. Similar influence is also found when ball milling boron 
nitride and molybdenum disulphide in ammonia. Moreover, it is demonstrated that ethylene 
and methane can also protect the sample structure during the milling process. It is revealed that 
the protective gas can be adsorbed on the surface of the milled material and functions as a 
lubricant, which reduces the damage to the material and achieves the structural control of the 
products.    
Nanostructured carbon has been the main research focus in the past decades, the representatives 
of which include fullerene, nanotube and graphene. Other nanostructures are also under 
extensive investigation due to their substantial application in various important fields. Graphite 
has been the most popular anode of lithium ion batteries (LIB). Recently, it was found that 
disordered graphitic structures could allow for extra lithium storage. The mechanism, however, 
still needs to be clarified. By utilising ball milling, two kinds of graphitic structures, i.e. 
ii
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amorphous and nanoflake structures, are fabricated and these are very good models to study 
the mechanism of the enhanced storage of lithium in graphitic materials. It is discovered that a 
capacity-like storage mechanism existing in the ball-milled graphite that has distorted graphitic 
structures. This storage mechanism contributes to the enhanced capacity of lithium, compared 
with the intercalation/de-intercalation mechanism. 
Nitrogen doped carbonaceous materials have been demonstrated as electro-catalysts for oxygen 
reduction reaction (ORR). However, how to produce large quantities of the catalysts is still a 
problem. A new approach to efficiently synthesise nitrogen doped carbon nanoparticles 
(NDCP) is demonstrated using ball-milling method in nitrogen-containing gases. The 
synthesised NDCP can be used as electro-catalysts for ORR in alkaline solution after a 
structural refinement. 
In addition to the catalyst synthesis, the mechanism of the catalysis process on nitrogen doped 
carbonaceous materials is also investigated. Particularly, the function of the nitrogen doping 
structures in catalysing ORR is still under debate. It is found that after catalysing ORR, the 
chemical environment of the nitrogen doping in nitrogen-doped graphene has changed. This 
evidence, determined with ex situ X-ray photoelectron spectroscopy, is very important in 
determining the catalytic activity of nitrogen doped structures.     
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Chapter 1 Introduction 
1.1 Overview 
Carbon based materials have been widely used in modern society. Due to carbon atoms’ 
colourful chemistry, namely the ability to form sp, sp2 and sp3 bonds, carbon based materials 
have a wide range of structures, including but not limited to carbon quantum dots (0-D) [1], 
carbon nanotubes (1-D) [2], graphene materials (2-D) [3], graphite [4] and diamond [5] (3-D). 
Importantly, it has been discovered that the structures of the carbon based materials can 
significantly affect their properties, such as electrical [6], optical [7] and electrochemical 
properties [8]. It is, therefore, very important to control the structure and morphology of the 
product during the fabrication process of carbonaceous materials. However, despite significant 
research in this area, it still needs to be further explored, in particular the phase transformation 
of graphite in ball milling process. Graphitic materials have been used as anodes for lithium 
ion batteries for decades. Recently, much research has been done to increase the lithium 
capacity of graphitic materials. It has been discovered that the disordered graphitic structure 
can store more lithium than the perfect structure [8]. New research suggests that multilayer 
graphene with high structural disordering can also provide better capacity [9]. However, the 
mechanism of the enhanced capacity still needs to be further explained. Nitrogen doped 
graphitic materials have been discovered as alternative catalysts for the oxygen reduction 
reaction (ORR) [10]. The lack of large quantities production of nitrogen doped graphitic 
materials, however, hinders the practical application of these materials. In this thesis, it has 
been demonstrated that mechano-chemical synthesis can be a potential way to synthesis 
nitrogen doped carbonaceous materials in large scale, which can be used as catalysts for ORR. 
In addition, the mechanism of how nitrogen doped graphitic materials can catalyse ORR is still 
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under heavy debate. Particularly, how nitrogen affects the catalytic process is still arguable. To 
finally solve this problem, new analytical methodologies need to be developed.  
1.2 Thesis objectives 
The aim of this thesis is to solve the problems raised in Chapter 1.1. The objectives of the thesis 
are summarised as follows: 
(a) To understand how the crystalline structure transforms during a ball-milling process. 
(b) To explore how the atmosphere affects the structure of the products in a ball-milling 
process. 
(c) To understand the mechanism of the lithium storage in disordered graphitic materials. 
(e) To develop a mehano-chemical synthesis route for mass production of nitrogen-doped 
carbonaceous materials. 
(f) To study the ORR mechanism on nitrogen-doped graphene and develop the application 
of ex situ XPS methodology in studying the mechanism of ORR on nitrogen-doped 
carbonaceous materials. 
1.3 Thesis structure 
This thesis is presented in nine chapters to show different aspects of the research work within 
a wide research field. The content of each chapter is summarised below: 
Chapter 1: overview of this thesis and discussing the gaps in the research, which will be 
addressed. 
Chapter 2: reviewing the related literature to provide an in-depth background of the 
research work in this thesis. 
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Chapter 3: introducing the methodologies used in this thesis. 
Chapter 4: phase transformation in the ball-milling process of graphite. 
Chapter 5: influence of atmosphere on the structure of the product during the ball-milling 
process. 
Chapter 6: clarifying the mechanism of the enhanced lithium storage in the disordered 
graphitic materials. 
Chapter 7: mechano-chemical synthesis of nitrogen-doped carbonaceous materials in 
large quantities, which can be used as electro-catalysts for ORR. 
Chapter 8: mechanism of the catalytic process on nitrogen-doped graphene and the 
application of ex situ XPS in exploring the mechanism of ORR on nitrogen-
doped graphitic materials. 
Chapter 9: summarising the thesis findings and suggesting future work.
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Chapter 2 Literature review 
2.1 Graphite and related graphitic materials 
2.1.1 Structure of graphite 
Graphite is one of the carbon allotropies that has been used by human beings from 4th 
millennium B.C [11]. Graphite has unique anisotropic properties. For example, the electrical 
conductivity parallel to the graphene sheets could be 100 times larger than the one in the 
vertical direction [12]. This anisotropy is absent in another well-known allotropy of carbon, 
diamond, and most of the natural carbon containing organic compounds. The mystery of the 
anisotropy of graphite was not solved until the development of crystallographic techniques and 
quantum mechanics allowed researchers to understand its physical and electronic structure [13, 
14].  
It has been found that there are two common graphite structures: hexagonal and rhombohedral. 
These two structures have the same in-plane six-member aromatic ring structure (the ring 
showed in Figure 2.1), but different stacking orders among the layers. Moreover, an anisotropic 
electronic structure and bonding of carbon atoms are found, which can explain graphite’s 
unique property. The carbon atoms in graphite form two sets of orbitals in the frame of the 
hybridisation theory [15]. One of the two sets of orbitals is the sp2 hybridised orbitals. These 
orbitals are found to form the in-plane ı bonding between carbon atoms. Another set of orbitals 
is the pz orbitals, which form delocalised ʌ orbitals and cause the inter-plane ʌ-ʌ interaction. 
The ı bonding electrons are localised, but the ʌ electrons are highly delocalised. Further 
research in solid state physics finds that the delocalisation of the ʌ electrons is the origin of the 
high electrical conductivity, high thermal conductivity and the visible spectrum absorption of 
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graphite [13]. However, the delocalised ʌ orbitals are distributed vertically to the z axis of the 
crystal and parallel to the graphene sheets, therefore, the properties related with the ʌ orbitals, 
such as high electrical conductivity and thermal conductivity are only evident in the direction 
parallel to the graphene plane, but are absent in the vertical one.  
 
Figure 2.1 The six-member aromatic ring in hexagonal graphite. 
2.1.2 Other graphitic materials 
Another very popular graphitic material is the carbon nanotube (Figure 2.2). The synthesis of 
single-wall carbon nanotubes was first confirmed in 1991 [16]. Carbon nanotubes with a 
diameter below 20 nm are seen under the electron microscope after arc-discharge evaporation 
is applied to the carbon source. The structure of the single-wall carbon nanotube is described 
as a single graphite layer that is curved around to form a tube. In addition, the synthesis of 
multiwall carbon nanotubes is also reported [17]. Nanotubes with diameters ranging from tens 
to hundreds of nanometers can be synthesised by altering the particle size of catalyst, reaction 
temperature, pressure of the precursor and other experimental conditions [17]. 
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Figure 2.2 TEM images of carbon nanotubes [16]. Reprinted with permission from Nature 
Publishing Group. 
In contrast to the nanotube, graphitic carbon nanofibre (Figure 2.3) can be synthesised with a 
structure of stacking of graphitic layers vertical to the graphitic plane [18]. Chemical vapour 
deposition (CVD) is a popular method to synthesise graphitic carbon nanofibre. By controlling 
the growth of particular direction of the crystal, fibres could be synthesised with different 
stacking orders. For example, by controlling the growth of the (0 0 2) plane, micrometre long 
fibres with nanoscale in-plane size can be synthesised (Figure 2.3a)[18].  
Recently, the successful fabrication of graphene attracted much attention for the development 
of two-dimensional (2-D) graphitic materials [19]. Strict 2-D crystal was believed not existing 
in free state as suggested by both theoretical and experimental studies [20, 21]. However, in 
2004, the discovery of free-standing graphene flaunted that common belief [19]. Moreover, a 
follow-up experiment shows that the charge carriers in graphene are massless Dirac fermions, 
which was predicted theoretically 20 years ago [22]. This new knowledge about graphene has 
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attracted much research interest in both the scientific community and industry about the 
potential application of graphene and other 2-D materials in the development of next generation 
electronics [23], logic circuits [24], energy storage materials [25] and catalysts [26]. 
 
Figure 2.3 Illustration of graphitic nanofibers with different stacking orders. Reprinted with 
permission from [18]. Copyright 2014 American Chemical Society. 
2.1.3 Application of graphite and related graphitic materials in energy 
storage and conversion 
Graphite and related materials have attracted much research interest as potential candidates to 
solve the existing worldwide energy challenge. Graphitic materials have been used as anodes 
for lithium ion batteries and there is still much research on  improving their performance [27, 
28]. Carbon nanotubes (CNTs) have been suggested for use in solar cells as a method of 
enhancing the efficiency of energy conversion [29-32]. Recently, CNTs and graphene have 
been  found to be electro-catalysts for ORR, which might allow them to be used in fuel cells to 
replace expensive Pt catalysts [10, 33-42]. The applications of graphitic materials in lithium 
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ion batteries and fuel cells are reviewed in the following content, where the problems faced are 
also introduced.  
2.2 Introduction to Ball milling 
2.2.1 Types of ball mills 
Due to the large number of variations of ball mills, here only the common types of lab-based 
ball mills are introduced, including vibrational ball mill [43], planetary ball mill [44] and 
rolling ball mill [45].  
2.2.1.1 Vibrational ball mill 
In a vibrational ball mill (Figure 2.4), the milling mortar vibrates and pushes the grinding ball 
to vibrate at the same time. Since the motion of the grinding ball and the mortar is not 
synchronised, the collision between them happens during the vibration of the system and the 
mechanical impact can be applied to the milled material during the collision [46]. It is reported 
that after ball milled in a vibrational ball mill, TiO2 can be changed from anatase phase to meta-
stable phase, which was found only under high pressure conditions [43]. This result 
demonstrates the strong impact of the vibrational ball milling. 
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Figure 2.4 Photo of Pulverisette 0 vibration ball mill. The ball mill mortar is highlighted by 
the arrow (http://profilab24.com/FRITSCH-PULVERISETTE-0-Vibratory-Micro-Mill). 
2.2.1.2 Planetary ball mill 
On the other hand, planetary ball milling (Figure 2.5) applies more shearing force than the 
direct impact in vibrational ball milling [47]. In a planetary ball mill, the ball mill beaker 
mimics the motion of a planet, which revolves around a star in an elliptical orbit and at the 
same time spins against an axis through the centre of the sphere. However, in the planetary ball 
mill, the beaker revolves in a circular orbit and the radii of the orbit is vertical to the spin axis 
of the beaker. Planetary ball milling can be used to fabricate 2-D materials. For example,  it 
can be used to fabricate boron nitride nanosheets at a large scale [48]. When the ball milling 
significantly reduces the thickness of the boron nitride sheets, it does not break the in-plane 
aromatic structure, which is due to the planetary ball milling’s high shearing force and low 
impact.  
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Figure 2.5 Photo of Pulverisette 5 planetary ball mill 
(http://www.cgerhardt.co.uk/pages.php?page_id=116). 
2.2.1.3 Rolling ball mill 
A rolling ball mill (Figure 2.6) can provide shearing force. Interestingly, preliminary research 
shows that the milling atmosphere plays an important role on what force dominates [49], which 
has also been observed when a planetary ball mill is used [74].  For example, it is reported that 
graphite milled in Ar and H2 atmosphere could have very different structures [49]. However, 
the mechanism of the phenomenon is still not clear. It is suggested that the doping of the active 
gas on the boundary defects created by ball milling should be responsible for the retarded 
amorphisation process, but no clear evidence has been found to support this hypothesis. In this 
thesis, the discoveries on this topic will be introduced and the explanation of this phenomenon 
will be discussed based on these new findings.        
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Figure 2.6 Photo of ABBE rolling ball mill (http://www.pauloabbe.com/size-reduction/jar-
rolling-mills). 
2.2.2 Ball milling induced phase transformation  
Ball milling induced phase transformation was discovered thirty years ago [50]. One important 
finding is that ball milling can be used to prepare magnetic amorphous alloys for soft magnetic 
applications. Yermakov et al. studied the magnetic properties of amorphous Y-Co alloy 
prepared by a planetary ball mill [51]. After that, it is reported using ball milling to induce the 
amorphisation of Co enriched magnetic alloys. Three bi-metallic systems are studied, which 
are Co-Zr, Co-Nb and Co-Ti. The mixed elemental metals are ball milled in a high-energy ball 
mill (Mitsui Miike attritor MA1D, Japan) with a content of Co higher than 75 at.%. After more 
than 20 h, the amorphisation of the metal powders is seen using X-ray diffraction (XRD). After 
amorphisation, the coercivities of the binary alloys are decreased. Ball milling is also used to 
fabricate quasi-crystallined materials [52-56]. Mizutani et al. reported the observation of 
quasicrystal phases after ball milling elemental powders of pure Mg, Al and Zn. After 10 h 
milling, the phase of quasicrystal can be observed from the XRD. A further Differential 
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Scanning Calorimetry (DSC) study confirms that the quasicrystal phases are metastable and 
would transform to stable structures during heat treatment. The formation of metastable 
quasicrystal is also reported in other systems with ball milling [52]. Al65Cu20Mn15 is prepared 
by ball milling the three metal elements for 90 h, and the formation of the quasicrystal phase 
is confirmed with XRD and transmission electron microscopy (TEM). Compared with other 
methods, which are used to prepare metallic quasicrystal, such as liquid phase quenching, 
vapour deposition and ion bombardment, ball milling does not require extreme conditions such 
as high temperature. In addition, ball milling can fabricate large quantities of samples, which 
is more applicable to the real life applications.   
Recently, the amorphisation process of ball milling has been used in the fabrication of 
nanomaterials on a large scale [48, 57, 58]. Chen et al. discovered that ball milling could be 
used to synthesise chemically active precursors that could be used in the synthesis of boron 
nitride nanotubes [59]. When boron powder is milled in a high-energy ball mill, it can form an 
amorphous structure, which is confirmed by XRD. After the milled powder heated to 1300 °C, 
boron nitride nanotubes are formed. It is found that the meta-stable structure formed under ball 
milling is essential seeds for the growth of boron nitride nanotubes.  
However, it is found that the amorphisation process induced by ball milling could be more 
complex than a simple one-way process, in which the material keeps disordering [60]. This 
will be reviewed in Chapter 2.3.1, and in this thesis, the amorphisation process of graphite 
under ball milling will be discussed. 
2.2.3 Ball milling induced chemical reactions 
The ability of ball milling to trigger chemical reactions has also attracted attention recently [61-
65]. Chen et al. reported that ball milling could trigger the reaction between iron and ammonia 
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[66].  Four gram of iron powder is milled in ammonia atmosphere up to 200 kPa. After 400 h 
ball milling, the phase of iron nitride is clearly seen from XRD. Combustion elementary 
analysis reveals that the nitrogen content increases with the milling time. To 400 h, the nitrogen 
content is above 5 wt.%. Moreover, the phase of iron nitride is also found by Mössbauer 
spectroscopy.  
Similar gas-solid reaction also occurs when Zr is ball milled in ammonia gas [67]. It is found 
that the ammonia pressure reduces in the first 30 h of the ball milling. After this stage, the 
pressure begins to increase until about 100 h. After 100 h, the pressure remains constant in 
further ball milling. Elemental and structural analyses confirm that when the nitrogen content 
of the milled sample increases until 70 h, its hydrogen content increases to 0.8% in the first 30 
h and then begins to decrease to below 0.1% until 80 h. This mechanism is explained with the 
experimental evidence. In the first 30 h, Zr reacts with ammonia and forms ZrH2 and ZrN, 
which leads to the decrease of pressure. However, after this stage, when the nitridation reaction 
still happens, the ZrH2 begins to react with nitrogen or ammonia and emits hydrogen, which 
causes the increase of pressure. This research shows that the ball milling can induce complex 
chemical reactions.  
In addition to the chemical reactions in metals, it has been reported that carbon based materials 
could also undergo chemical reactions when ball milled. For example, ball milling can trigger 
a solvent-free Sonogashira coupling reaction [68]. The Sonogashira reaction is the cross-
coupling reactions between a terminal alkyne and an aryl or vinyl halide. Several kinds of 
terminal alkynes and halides are checked by ball milling. For example, iodobenzene reacts with 
phenyl acetylene and trimethyl silyl acetylene under high-speed ball-milling conditions with 
catalysts. It is also found that when copper balls and beakers are used during the ball milling, 
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the yield of the resultant increases. It is proposed that the ball milling beakers and balls can be 
the catalyst of the reactions.  
A similar reaction with the modification of carbon bonding is also reported [69], where ball 
milling is demonstrated to trigger the reaction between ketone and aldehyde. In the reaction, 
the C=O group is reduced to C-OH, with the breaking of C-H and C=O bonds and the formation 
of C-C bond. This research shows the potential application of ball milling in altering carbon 
bonding and synthesising chemically modified carbon materials.  
In this thesis, ball milling is demonstrated as a mechano-chemical method to synthesise 
nitrogen-doped carbon nanoparticles.       
2.3 Ball milling of graphite 
2.3.1 High-energy ball milling of graphite in inert atmosphere 
Ball milling is becoming an attractive way of fabricating functional graphitic materials [70, 71]. 
However, research of ball-milled graphite started much earlier [72]. Due to its lamellar 
structure, graphite has been used as a solid lubricant (Figure 2.1). Its structural evolution under 
mechanical forces was first studied in 1986 to further understand its behaviour [72]. By 
checking the XRD patterns, a conclusion is made that, after ball milling, the (0 0 2) interlayer 
distance increases from 3.35 to about 3.44 nm and the structure becomes more disordered.  
Further research is conducted on the structural changes in the ball-milling process of graphite 
[73]. XRD shows a broadening of the (0 0 2) diffraction peak, whose full width at half 
maximum (FWHM) increases from less than 1 degree to about 7 degrees. The crystalline size 
is calculated on c axis and it is claimed to be down to about 1 nm. However, since the stress 
and equipment broadening are not taken into account, this calculation might not be very 
accurate, but a broadening and asymmetric (0 0 2) peak indicates a disordered structure. 
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Besides XRD, Raman spectroscopy is also conducted to characterise the structure of the milled 
samples. It is found that the intensity of D band at about 1350 cm-1 increases with the milling 
time, which indicates the increase of defects in the system.  
T.S. Ong and H.Yang checked the effect of atmosphere in this disordering process [74]. With 
planetary ball milling, they find that different gases could lead to very different structures of 
the products. When the graphite is milled in inert atmospheres, such as argon or nitrogen, the 
milled powder has an amorphous structure following 3 h milling. The average d002 spacing is 
also increased from about 0.3342 nm to 0.3370 nm. At the same time, the BET surface area 
has a very large increase from about 5 to 400 m2/g. The results shows an amorphisation process 
with the creation of large areas of new surfaces. However, when the graphite is milled in 
oxygen, the structural evolution is very different. XRD shows crystalline structure after even 
10 h of ball milling in oxygen. In addition, the surface area remains almost unchanged after 10 
h. It seems that the ball milling in oxygen does not lead to amorphisation as efficiently as the 
milling in Ar. This is probably due to the oxidation reaction of the active centres on the ball-
milled graphite, which suppresses the fracture rate and slows down the amorphisation of the 
graphite.  
In 1999, Chen et al. found that the process might be more complex [60]. It is found that the 
surface area of graphite increases in the first 15 h ball milling in Ar, which can be explained as 
the disordering, structural breakage of the starting material and the creation of new surfaces 
and pores (Figure 2.7). However, after about 15 h, the surface area begins to decrease and never 
reaches as high as at 15 h. This phenomenon suggests that there could be other processes 
occurring and after this research, similar results are reported and efforts are made to understand 
the mechanism  [75, 76]. For example, a suggested cause of the mystery decrease of the BET 
surface area is the oxidation of the surface and the surface physical and chemical adsorption 
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species, which could hinder the adsorption in the nitrogen adsorption analysis [75]. This 
explanation is not conclusive, however, as it cannot explain the significant decrease of surface 
area even when milling in Ar, which is very inert and cannot react with milled graphite. The 
thermogravimetric analysis (TGA) results also show that the samples milled for 100 h and 1000 
h lose about 70% of the weight when heated to 1200 Co, which indicates that oxidation and the 
content of the surface adsorbed species of two samples are very close. 
 
Figure 2.7 The BET surface area of ball-milled graphite with different milling durations 
[60]. Reprinted with permission from AIP Publishing LLC. 
However, on the other hand, the specific BET surface area of the sample decreases from 320 
to 178 m2/g, which is a decrease of 44%. Therefore, the surface area reduction cannot be caused 
by the chemical and physical adsorption species alone. On the other hand, the structure 
evolution of the graphite, during the extended ball milling after 100 h, is not discussed in detail.  
Recently, the use of ball milling in the synthesis of energy storage materials has been developed, 
especially the application of ball-milled carbonaceous materials in lithium ion batteries [77-
79]. These applications again excites researchers’ interests in understanding the detailed 
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structural evolution in ball-milling process. This understanding becomes very important in the 
fabrication of the functional materials with good properties [80].  
In this thesis, the structural evolution of ball-milled graphite is carefully studied and the detail 
of the amorphisation process is explained based on the experimental evidence.  
2.3.2 Exfoliating graphite by ball milling 
2.3.2.1 Introduction of graphene 
Graphene is a single layer of graphite, in which carbon atoms are bonded with each other in a 
six-member aromatic ring pattern. Recently, researchers have broadened the concept of 
graphene to include multilayer graphene, which usually has less than 10 layers (Figure 2.8). It 
has attracted attention in the past few years, due to its unique properties in electronics [81], 
spintronics [3] and electrochemistry [82]. However, good quality large-scale graphene 
fabrication remains problematic.  
 
Figure 2.8 AFM image of a multilayer graphene sheet on silicon wafer. The thickness of the 
graphene was about 3 nm [19]. Reprinted with permission from AAAS.  
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2.3.2.2 Synthesis of graphene 
Graphene is first fabricated by mechanical exfoliation [19, 83]. Highly oriented pyrolytic 
graphite is used in the repeated peeling. This method can produce multi or even single layer 
graphene that contains few defects and has good structure. However, large-scale production of 
graphene by this method is difficult and other exfoliation methods have been developed in an 
attempt to solve this problem. Su et al. developed a method that uses an electrochemical 
reaction to exfoliate a thin layer of graphene [84]. However, the structure of the exfoliated 
graphene contains many defects, which may be due to the oxidation in the process.  
Graphene can be fabricated through sonication and centrifuge in a suitable solvent, as 
demonstrated by Hernandez et al. [85]. It is suggested that a solvent with a similar surface 
energy to graphene is the first choice for exfoliation, since the solvation energy of graphene 
will balance the energy required for the exfoliation. The synthesised graphene is dispersive in 
the solution, the concentration of which is about 0.01 mg/mL, which is very low for practical 
use. As the solvents that match the surface energy of graphene usually have high boiling points, 
this results in solvent deposition on graphene. Some researchers have tried to extend the range 
of solvents in which graphene can be dispersed. Zhang et al. reported that graphene could be 
dispersed into ethanol through a solvent exchange method [86]. Lotya et al. further extended 
the solvent to water containing surfactants [87]. However, these methods cannot fabricate 
graphene at a reasonable scale even for research purpose (less than 1 mg/mL). 
In an effort to solve the problem of low quantity of graphene fabrication, a solvent intercalation 
process is performed to exfoliate graphene oxide [88]. Graphene oxide is chosen since it is 
hydrophilic and the interlayer distance is larger than graphite, which leads to a much easier 
intercalation of water molecules. After that, the thin layers of graphene oxide are reduced to 
form graphene. However, the oxidation and reduction process can seriously damage the 
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graphene structure, and it is impossible to fully reduce all the carbon oxide groups. Cristina et 
al. reported that the fully reduced graphene oxide sheets lag behind graphene in room-
temperature conductivity and carrier mobility by 3 and 2 orders in magnitude, respectively [89]. 
Chemical vapour deposition has also been used to synthesise graphene ready to use on a 
substrate [90]. Camphor is used as the carbon source with nickel as the substrate. Obraztsov et 
al. succeeded in producing very thin multilayer graphene with chemical vapour deposition [91]. 
Nevertheless, some people consider it to be a problem of surface defects of polycrystalline 
nickel. Reina et al. reported that graphene, the size of which could be as large as 20um, could 
be fabricated on a refined nickel substrate [92]. Other CVD based synthesis methods have been 
proposed to increase the quality of graphene. [93, 94].  
2.3.2.3 Production of graphene by ball milling 
Ball milling is also used as a synthesis route to achieve large-scale fabrication of graphene. It 
has been reported that multilayer graphene could be produced by wet ball milling [95]. The 
starting material is graphite nanosheets with a thickness of 30 to 80 nm. The graphite nanosheet 
is dispersed in DMF with a concentration of 0.25 mg/ml. The dispersion is then ball milled in 
a planetary ball mill for 30 h. After the ball milling, the milled sample is centrifuged at 10 000 
rpm for 20 min and the multilayer graphene is found in the supernatant. AFM proves the 
existence of a thin sheet with a thickness of less than 2 nm (Figure 2.9).  
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Figure 2.9 AFM image of multilayer graphene produced by ball milling. The thickness of the 
graphene sheet was about 1.5 nm. Reproduced from [95] with permission from The Royal 
Society of Chemistry. 
Veronica et al. further studied the influence of the additive when using dry ball milling to 
produce few-layer graphene [96]. In the experiment, graphite is ball milled with melamine in 
dry condition with inert atmosphere or air. The milled sample is than dispersed into DMF or 
water. The authors claim that the ball-milled sample could form a stable dispersion in DMF, 
which could imply the formation of graphene sheets since the starting graphite would aggregate 
and could not be dispersed at the same condition. The authors also claim that the inter-
molecular force between graphene sheets and melamine may help to stabilise the graphene 
sheets and reduce the interlayer interaction between graphene sheets, which could help the 
exfoliation process.  Nanosheets with wrinkles are captured under TEM, which shows the 
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exfoliation effect of ball milling. However, the quality and quantity of the graphene synthesised 
by ball milling is still not satisfactory. Thus, the research of the exfoliation effect of ball milling 
is essential to develop ball milling’s application in the fabrication of graphene and related 2-D 
materials.  
In this thesis, the protection effect of the active milling atmospheres are studied and the 
mechanism is discussed, which provides insight to the design of ball milling experiment to 
fabricate 2-D materials.  
2.3.2.4 Other 2-D nanomaterials 
Several other materials besides graphene have a similar layered nature. Hexagonal boron 
nitride has the same layered structure and a six-member aromatic ring system like graphite. 
The only difference is that, in the crystal, boron and nitride atoms alternatively replace the 
carbon atoms inside graphite. Recently, research has been conducted to produce single or 
multilayer hexagonal boron nitride nanosheets and the photonics, mechanical, thermal and 
hydrophobic properties are studied [48, 97-100]. Another group of materials, the layered metal 
chalcogenides, has also been studied in recent years. There are reports that it could also form 
very thin layer of the material that has unique property different from its bulk counterpart [101-
105]. 
In this thesis, ball milling of BN and MoS2 in different atmospheres is reported. The protection 
effect is also found in these two cases. 
2.3.3 Doping of graphite/graphene by ball milling 
As described above, ball milling can be used to trigger the chemical reaction. It can also be 
used as a chemical way to introduce heteroatoms in the material and form doping structures. 
Doping metal with ball milling has been studied by several groups, which was described in 
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Chapter 2.2.3 [62, 63, 65, 106]. Recently, ball milling has been applied to synthesise functional 
carbonaceous materials [47, 76, 107, 108]. It is reported that ball milling could dope amino 
functional groups to CNT, which behaves as an active site to react with silver when the silver 
nanoparticles are deposited on the ball-milled samples [107]. In the experiment, CNTs are ball 
milled in the presence of ammonium bicarbonate and the milled sample is then studied by 
secondary ion mass spectrometry (SIMS). Several molecular fragments containing carbon, 
nitrogen and hydrogen are captured in SIMS. In particular, the presence of several amine 
groups, such as –CH4N, -C2H6N and -C3H8N, confirms the doping of CNT by ammonium 
bicarbonate triggered by ball milling. After functionalised by ball milling, it is found that the 
introduction of the amine and amino groups can help to increase the interaction between CNTs 
and Ag nanoparticles during the deposition process of Ag. TEM and X-ray photoelectron 
spectroscopy (XPS) show the deposition of silver nanoparticles on the surface of modified 
CNTs. In contrast, the starting CNTs show a much lower interaction with Ag and no evidence 
of the surface deposition of Ag. Further study suggests that, after the deposition of Ag, the 
electrical conductivity of CNTs increase 104 times when the flexural modulus changes less than 
10%. This work demonstrates the possibility of using the ball mill as a reactor to trigger 
chemical reactions between ammonium bicarbonate and the surface atoms of CNTs, which 
dopes nitrogen-containing groups onto the surface of CNTs.  
Orimo et al. reported the doping of hydrogen atoms in graphite in a ball milling process [76]. 
Graphite is ball milled in 1.0 MPa hydrogen gas in a planetary ball mill at 400 rpm for varied 
periods. Using oxygen combustion analysis, it is found that the hydrogen content in the ball-
milled sample increases with prolonged milling from 1 to 80 h. However, at the same time, the 
BET surface area of the milled sample decreases markedly after 6 h milling. It is only about 8 
m2/g after 80 h ball milling, which rules out the possibility of the hypothesis that the hydrogen 
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is adsorbed on the surface of graphite. The radial distribution study is then applied to study the 
coordination of the deuterium in the sample. It is found that two types of deuterium 
coordination are inside the milled sample with three distances between the deuterium and 
carbon atoms, which are 0.11, 0.22 and 0.18 nm. The first coordination is suggested to be the 
deuterium atoms covalently bond to the carbon atoms. In this coordination, 0.11 nm is the 
length of carbon-deuterium bond and 0.22 nm is the distance between the deuterium and its 
second nearest carbon atoms. With this evidence, the authors claim that during ball-milling 
process, graphite can react with hydrogen gas, which involves breaking strong bonding 
between H-H and the C-C in graphite. 
 In 2013, Jeon et al. expanded the application of ball milling to prepare doped graphitic 
structures by ball milling graphite within different atmospheres [109]. Hydrogen, dry ice, 
sulphur trioxide and a dry ice/sulphur trioxide mixture are used in the experiment. By FTIR 
and XPS analysis, the introduction of dopants is confirmed. For example, XPS analysis shows 
the presence of C-S bonding in the sample milled in sulphur trioxide. The doped graphitic 
materials are then tested for their catalytic properties in ORR. It is found that after doping, the 
catalytic properties are changed. For example, the sample milled in sulphur trioxide shows a 
more positive reaction onset of ORR, which indicates a lower over-potential of the reactions. 
This research suggests that ball milling can be used to fabricate electro-catalysts by forming 
doped graphitic materials.  
In this thesis, ball milling is discovered to trigger the reaction between graphite and nitrogen 
gas, forming nitrogen-doped graphitic nanoparticles. 
 
 
Chapter 2 Literature Review 

24

2.4 Graphite as an anode of lithium ion battery 
2.4.1 The introduction of graphite used in lithium ion battery 
Graphite has been researched for 30 years as an anode of lithium ion batteries (LIB), due to its 
ability to store lithium by forming lithium intercalated graphite [110]. Graphite has several 
advantages, such as low volume expansion, stable charging-discharging plateau and low in-
reversible capacity [111]. It has been found that graphite undergoes the intercalation storage 
mechanism of lithium, in which the lithium ions diffuse into graphite and sit in between the 
graphene layers. The highest intercalation density is achieved by forming LiC6 [112, 113] 
(Figure 2.10). 
 
Figure 2.10 Illustration of (a) structure and (b) unite cell of LiC6. Reproduced from [113] 
with permission from Elsevier. 
However, the early attempt to use graphite as the host structure of lithium is not very successful, 
due to the reactivity of the electrolyte on the graphite surface. For example, it is found that 
propylene carbonate, which is used as the electrolyte in lithium ion batteries, decomposes on 
graphite surface and form the propylene gas and carbonate ions [114]. The experiment is 
performed in the propylene carbonate solution of NaClO4 with a graphite electrode and a 
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lithium electrode. The open-circuit voltage is +2.75 V vs. Li reference. However, the potential 
decreases sharply to about +0.6 V vs. Li when a cathodic current is undergoing. At the same 
time, there are gaseous chemicals formed. The gas chromatographic analysis reveals the 
majority of the formed gas is propene. By analysing the resultant of the electrolysis process, it 
is found that the columbic efficiency of the process is about 100%, which indicates that the 
electrolysis of the solvent is favourable on the graphite surface.  
The important improvement is made by using binary solvent mixtures that can provide good 
performance and stability [115, 116]. Ethylene carbonate is mixed with either 
dimethylcarbonate, diethyl carbonate or ethyl methyl carbonate to form the binary electrolyte, 
in which lithium salt and lithium hexafluorophosphate are added. It is found that those solvents 
could be reduced to lithium ion compounds that are not soluble in the electrolyte and would 
deposit on the electrode [117]. This layer of precipitation is essential to the stability of the 
graphite electrode at low potential. When this layer grows to a certain thickness, it will stop the 
electron transport and prevent the further reduction of electrolyte molecules. However, as this 
layer of precipitation contains mostly lithium salts (ROCO2Li and ROLi, R=alkyl group), it 
has good lithium ion conductivity. Therefore, the layer of the deposition functions as a solid 
electrolyte for lithium and a passivation layer of graphite surface that prevents the reduction of 
the solvent.  
Another drawback of perfect graphite is its relatively low specific capacity, which is about 372 
mAh/g [118]. In defective or semi-amorphous graphitic structure the specific capacity could 
be increased [119-121]. For example, mechanical grinding is able to increase the capacity of 
graphite [120]. In the experiment, two grinding modes are used and compared, which are 
impact mode and shearing mode. Using the shearing mode of ball milling, both the reversible 
and irreversible capacity of the milled sample increases. For example, after 80 h milling with 
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mainly shearing force, the reversible capacity rises to about 1.5 times of the theoretical capacity 
of perfect graphite. At the same time, the irreversible capacity increases about 10 times. On the 
other hand, after same 80 h milling with impact mode, the reversible capacity rises to about 1.8 
times of the capacity of the starting graphite. However, the irreversible capacity does not 
increase as much as in the first case, which is only about 4 times of the one shown by the 
starting sample. The authors try to explain the phenomena with different structural evolutions 
induced by two ball-milling modes. When using the shearing mode, the interlayer distance 
increases without much distortion of the graphene layers, so more lithium could be intercalated 
into the enlarged space between graphene layers. On the other hand, the shock impact could 
significantly distort both the in- and out-plane graphite structure and creates more disordered 
phases. The disordered structure could also provide more sites for lithium storage, which leads 
to the increase storage of lithium. Regarding the irreversible capacity, the authors claim that it 
is related to the surface area of the sample. The sample prepared with impact mode shows a 
decrease BET surface area after 20 h, which corresponds to the decreased irreversible capacity 
of the sample. When using shearing mode, the surface area keeps increasing to 80 h and the 
new surface formed causes the increase of irreversible capacity. However, the study does not 
clarify the difference of the structure fabricated under different milling conditions. Moreover, 
a controversial result is also reported [119]. It is found that the capacity of the ball-milled 
graphite could be even lower than the starting graphite when a small current is applied. For 
example, the graphite milled for 10 h has only 90% of the capacity of the pristine graphite.  
The solution of the controversial results and explanations lays on the understanding of the 
storage mechanism of graphitic materials [119, 122-125]. In this thesis, graphitic materials with 
different structures and disordering are synthesised by ball milling and the link between 
capacities and structures are discussed.  
Chapter 2 Literature Review 

27

2.4.2 The mechanism of the enhanced lithium storage in graphitic anode 
Several models are suggested to explain the extra capacity of the disordered graphitic materials. 
Most discussions focus on the disordered structure of the graphitic materials and it is believed 
that the disordering should contribute to the enhanced lithium storage. However, the details of 
the discussion are different [123, 124, 126, 127]. Akihiro et al. studied the change of capacity 
with the annealing temperature of mesocarbon microbeads and suggested that the extra lithium 
capacity is contributed by pores [126]. The mesocarbon is heated from 700 to 2800 °C. It is 
found that when comparing the capacity of samples annealed at 700 to 1000 °C, the capacity 
decreases with the increasing annealing temperature. Especially, the sample shows discharge 
capacity above 1000 mAh/g, which is much higher than the theoretical capacity of graphite. 
Then, when the annealing temperature increases, the capacity decreases to be close to the 
theoretical value. XRD analysis shows that there is not much structural changing on inter-
planar distance and crystal size. However, a specific gravity analysis reveals that the specific 
gravity increases when the annealing temperature rises from 700 to 1000 °C. It is caused by 
the high temperature annealing, which refines the structure of the material and removes cavities. 
The authors further correlate the structural refinement and the capacity depletion and suggest 
that there is another lithium storage mechanism in graphitic materials, which is associated with 
the cavities. Moreover, this mechanism could store lithium with higher density than normal 
intercalation, which leads to the increase of the capacity.  
Another mechanism shows a partially controversial explanation and implies that the in-depth 
mechanism of the increased storage could be more complex than what is reported [123, 124]. 
The graphitised soft carbon is annealed at a different temperature from 2300 to 2800 °C. The 
XRD analysis shows that different contents of turbostratic stacking are in the material annealed 
at different temperatures. A negative correlation between the turbostratic stacking and capacity 
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is observed. For example, comparing the sample heated at 2300 and 2800 °C, the possibility of 
the existence of the disordered structure is smaller in the sample heated at higher temperature. 
However, the sample annealed at 2800 °C has about 30% higher lithium storage capacity. The 
authors explain that the inter-plane space with turbostratic stacking could lead to extra 
resistance of lithium intercalation, which would have no capacity. This claim partially 
contradicts to Akihiro’s discovery. Akihiro et al. suggests that the graphite with low density 
and structure disordering can provide extra lithium storage [126]. However, the second 
research finds that the turbostratic stacking, which is more disordered and also has a less density 
than perfect graphitic structure, could not be accessible for lithium storage [123]. The 
contradiction indicates that the way in which the disordered structure contributes to the lithium 
storage could be a complex problem and this will be discussed in the thesis.  
2.5 Nitrogen-doped graphitic materials as catalysts for oxygen 
reduction reaction 
2.5.1 Introduction of oxygen reduction reaction 
Oxygen reduction reaction (Figure 2.11) are chemical process in which the oxygen molecules 
receive electrons to form the reducing product. This process is the cathode reaction in the fuel 
cell, which is one of the contemporary solutions for clean energy. However, the absence of 
good cathodic catalysts hinders the development of the fuel cell technology for the practical 
uses. Pt is found to be very efficient as the catalyst for ORR. However, restricted by its low 
reserve on earth, high price and very low tolerance to the fuel toxicity, until now it still cannot 
be commercialised. Thus, finding alternatives is essential to the development of full cells.  
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Figure 2.11 Illustration of ORR. Reprinted with permission from [39]. Copyright 2014 
American Chemical Society. 
Some researchers try to develop metal catalysts without the use of noble metal to reduce the 
cost of fuel cell technology [128, 129]. For example, carbon supported cobalt-nitrogen system 
is found to catalyse ORR [130]. The cobalt is coordinated by four nitrogen atoms, which might 
enhance the electron donation of cobalt and cause a positive shift of the onset of the ORR. 
Beside metal catalysts, hetero-atom doped carbon materials have been found to be possible 
non-metal catalysts that could replace Pt as catalysts for ORR [10, 41, 109, 131].  
2.5.2 Application of graphitic materials as catalysts for oxygen reduction 
reaction 
Gong et al. reported that vertical aligned nitrogen-doped carbon nanotubes (VA-NCNTs) could 
be an efficient catalyst for ORR (Figure 2.12) [10]. The VA-NCNTs are synthesised by 
pyrolysis of iron phthalocyanine and the iron contamination is then removed by 
electrochemical purification. Comparing with non-aligned CNTs without nitrogen doping, the 
potential onset of the ORR on VA-NCNTs, which shows the potential for the reduction reaction 
to start, shifts to a more positive potential, indicating a better catalytic property. At the same 
time, the current density on VA-NCNT also increases and implies the potential application in 
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high current output circumstances. Another unique property of this carbon-based catalyst is its 
strong resistance to the toxicity of fuels. In the real fuel cell, the fuel molecules could penetrate 
the membrane and contact with the Pt electrode, which causes the poisoning of Pt and reduces 
its catalytic efficiency [132]. It is found that VA-NCNTs keep their catalytic property in the 
presence of methanol, which demonstrates their good tolerance to fuel molecules. The authors 
also try to explain the origin of the catalytic property of the materials by modelling and 
calculation. It is found that the nitrogen doping induces a dipole among the nitrogen atom and 
the carbon atoms bonded to it. This dipole can help the dissociation of the bonding of oxygen 
molecules.  
 
Figure 2.12 the a) SEM b) TEM and c) photo images of the aligned nitrogen-doped carbon 
nanotubes. From [10]. Reprinted with permission from AAAS. 
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This article has attracted much interest in the community. Other nitrogen-doped graphitic 
materials have been shown to have similar catalytic properties [33, 38, 39, 41, 133]. In 2012, 
it was suggested that the iron co-doping with nitrogen might enhance the catalytic property 
through a synergistic effect [134]. It is found that iron impurities inside the nitrogen-doped 
carbon-graphene complex can affect the ORR performance. On the other hand, when testing 
the ORR on iron contaminated material, adding CN- into the system leads to reduced 
performance, which can be seen by an approximately -0.1 V shift of the reaction onset. High-
resolution EELS reveals the presence of the interaction between the nitrogen doping and the 
iron. The authors conclude that the cause of the enhanced ORR catalytic performance could be 
the synergistic effect between iron and nitrogen atoms. This synergistic effect has also been 
suggested to exist in other co-doping systems [41, 42, 135]. However, since the fabrication of 
graphene and carbon nanotube is still not fully developed, a new fabrication method of 
nitrogen-doped carbonaceous materials, which can catalyse ORR with good performance, is 
still required. In this thesis, ball milling is demonstrated to be able to synthesise nitrogen-doped 
graphitic nanoparticles, which can be used as catalysts for ORR.    
2.5.3 Mechanism of the catalytic process 
Recently, the mechanism of the catalytic process on nitrogen-doped graphitic materials has 
been intensively researched. It has been widely accepted that nitrogen doping affects the charge 
density distribution of the neighbouring carbon atoms and induces a polarity of charge density 
distribution in the graphitic materials [10]. The induced polarity would help the de-association 
of the O-O bonding and the formation of the C-O bonding [136]. The density functional theory 
(DFT) calculation suggests that there is only a weak ionic interaction between oxygen 
molecules and pristine graphene and the distance between them is 0.256 nm [136]. However, 
with 4% nitrogen doping, the calculation suggests that there is a charge transfer of 0.86e from 
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graphene, and the distance between oxygen and graphene is also reduced to 0.230 nm [136].  
In the same paper, the authors also calculate the potential barrier for each step of the reaction. 
It is found that nitrogen doping can reduce the energy barrier of forming C-O-C intermediate 
and enhance the efficiency of the ORR comparing with pristine graphene.  
Another factor suggested is that the doped nitrogen changed the spintronic distribution at the 
same time [137]. The spintronic distribution affects the magnetic property of the catalyst core, 
which influences the interaction between the catalytic core and the intermediate products and 
the efficiency of the process [137]. The calculation suggests that the nitrogen doping induces 
an uneven spintronic distribution with a simultaneous uneven charge distribution. The authors 
find that the atom with highest spin can be the most favourable site for oxygen absorption. On 
the other hand, the atom that has highest charge distribution but low spin density cannot absorb 
oxygen efficiently. Therefore, the authors claim that the spin distribution is very important in 
reducing the reaction barrier by enhancing the absorption of oxygen molecules.  
However, the detailed mechanism is still not clear. For example, there are normally three kinds 
of nitrogen doping structures: pyridinic, pyrrolic and graphitic nitrogen [138].  Recent 
experimental and theoretical studies on which nitrogen doping is the one that catalyses the 
ORR obtains controversial results [33, 139-146]. Most of the reports suggest that it is either 
pyridinic or graphitic nitrogen that has catalytic properties, but there is still no agreement about 
the function of these nitrogen structures. This suggests that the mechanism is still not well 
understood and that this may delay the improvement of the performance of the graphitic 
materials based catalysts for ORR. In this thesis, a new analytic method is proposed that can 
provide information for the determination of the real catalytic structures from a different angle.  
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2.6 Summary 
This literature review has shown that nanostructured carbon materials have remarkable 
structures and important applications in energy storage and clean energy. Mass production of 
fine designed structures remains a scientific and engineering challenge that needs to be solved 
to develop practical applications in the future. The structural changes from graphite to graphene 
and to disordered phase need to be investigated in detail for better control of structures and new 
properties of the products. Further studies are necessary to explore detailed mechanisms of 
their applications in ORR and Li-ion batteries. These knowledge gaps will be addressed in this 
study and the obtained results are presented in the following chapters.
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Chapter 3 Methodology 
3.1 Synthesis and processing instruments and techniques 
3.1.1 High-energy rolling ball milling 
High-energy rolling ball mills (Figure 3.1) use the mechanical force of the moving balls to 
break the chemical bonding in the materials, causing deformation or the creation of dangling 
bonds and new surfaces. In traditional rolling ball mills, the milling jar rotates vertically. The 
grinding balls rise to certain level and fall. The kinetic energy of the falling balls is applied to 
the milled material. In the high-energy rolling ball milling, a magnet is set up in the machine 
and applies a magnetic field inside the ball-milling jar. Since the milling balls are made by 
steel, the magnetic field can further increase the energy of the milling balls. The ball-milling 
jar used is fitted with a gas valve, which controls the inner atmosphere. Several gases, such as 
Ar, N2, NH3, C2H4 and CH4, are used to study the effect of the atmosphere during the ball-
milling process. In this work, a high-energy rolling ball mill was used for the whole research. 
 
Figure 3.1 Image of the high-energy rolling ball mill. 
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3.1.2 Thermal annealing 
In the thermal annealing process, the material is heated at very high temperatures with a high-
temperature horizontal tube furnace of maximum temperature at 1500 °C. The Brownian 
motion of the atoms is excited and the atoms can move out of their potential wells in the crystal. 
The structure of the material can be changed and some low molecule weight clusters and doping 
structures can be vaporised from the bulk material. The annealing furnace used in this project 
was Lindberg/Blue M STF 54233C (Figure 3.2).  
 
Figure 3.2 Photo image of the Lindberg furnace. 
3.1.3 Battery assembly 
In the project, coin cells are assembled to test the performance of the synthesised battery 
materials. The components of a coin cell are shown in Figure 3.3. 
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Figure 3.3 The components of the coin cell. 
 
At the bottom is the negative case. Above it is the cathode material, the separator and the anode 
material for the battery. In the test of half-cell performance, one of the electrodes is lithium 
plate, which is also the reference electrode. For example, in the case that the anodic 
performance of graphite is tested, the lithium plate will be the cathode in the battery. Between 
two electrodes sits the separator. The separator is used to stop the direct electron exchange 
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between anode and cathode, since it is electrically isolating. However, at the same time, it has 
tunnels for the lithium ions (in the form of compounds) to migrate from one electrode to another. 
For instance, when the battery is discharging, the lithium ions migrate from cathode to anode 
driven by the chemical potential gradient. At the same time, electrons flow from the cathode to 
the anode via the external circuit and create current to power the electrical appliance and then 
combine with the lithium ions in the anode material and form lithium atoms again. Above the 
anode, there are the spring and spacers. They ensure that the components of the battery do not 
move and at the same time maintain tight contact with the top and bottom cases. The topmost 
component is the positive case. During assembly, the electrolyte is drop-casted into the cell. 
The electrolyte is the carrier of the lithium ions, so it needs to soak the cathode, anode and 
separator so that the lithium can migrate between two electrodes. In the project, the negative, 
positive cases, spring and spacer were made in stainless steel. The separator was made from 
polyethylene film. The electrolyte was made by mixing same volume of ethylene carbonate, 
dimethyl carbonate and diethyl carbonate. The tested material was coated on the copper foil to 
make the electrode.     
Since the coin cell needs to be sealed from oxygen and moisture, the assembling process is 
conducted in a battery assembling and testing system (Figure 3.4). The system is filled with 
inert gas, which can prevent the active gas molecules in the air, such as oxygen and water, to 
reaction with the sample stored inside. The system for battery assembling is filled with Ar gas 
with oxygen content lower than 5 ppm and moisture level lower than 1 ppm. During the 
assembling, the components are placed in the order shown above inside the two cases. The 
whole cell is then moved to a special press to seal. The hydraulic press used in this project was 
a cell battery press made by MTI Corporation. 
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Figure 3.4 Photo image of the battery assembling and testing system. 
3.2 Characterisation methodologies 
3.2.1 X-ray diffraction (XRD) 
XRD (Figure 3.5) is a very useful characterisation method of the crystallographic structure of 
materials.  
 
Figure 3.5 Photo of the X-ray diffractometer. 
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The analysis is based on Bragg’s diffraction condition˖ 
݊ߣ ൌ ʹ݀ݏ݅݊ ߙ 
n: integral 
Ȝ: wavelength of the X-ray 
d: the interplanar space of one group of crystal planes 
Į: the incident angle of the X-ray on the crystal planes. 
From analysing the diffraction pattern, the phase and the structure of materials can be acquired 
as well as the interplanar spacings of different crystal planes. Besides, the width of the 
diffraction peak is also related with the structure of the material, for example, the size of the 
crystal and the stress in the material. In this project, the XRD was used to analyse the 
crystallinity of the sample prepared. The equipment used was a Panalytical X-ray 
diffractometer with a Cu target. The minimum step size of the goniometer is 0.0001°. 
3.2.2 Field emission scanning electron microscopy (FE-SEM) 
SEM (Figure 3.6) is the equipment used for visualisation of the morphology of the material at 
nanometer scale. In SEM, high-energy electrons are used to scan the surface of the material. 
At the same time, different signals are produced from the materials and can be detected by 
different detectors. For the visualisation purpose, usually secondary electrons type 1 to 2 are 
used. The type 1 secondary electrons (SE1) are the electrons excited by the primary electron 
beam, so they are very local and have high resolution. These electrons are collected by an in-
lens detector. Secondary electrons type 2 is the outer electrons that is scattered by the 
backscattered electrons and can be produced in a larger area compared with SE1, so its 
resolution is lower. Secondary electrons type 3 (SE3) is the scattered electron from the 
environment, for instance, from the metal part of the microscope, which is the noise. An 
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Everhart-Thornley detector is fitted on the right side of the microscope. It could collect all three 
types of secondary electrons, so its resolution is affected by SE2 & 3 and is lower than the 
Inlens detector. The SEMs used in the project were the Zeiss Supra 55VP and Leo 1530, both 
equipped with field emission guns. The field emission gun can produce an electron beam 
smaller in diameter and more coherent than conventional thermionic emitter, which can provide 
better resolution. Supra 55VP has a wide acceleration voltage range, which is from 0.1 kV to 
30 kV. The probe current is in the range from 4 pA to 20 nA. The resolution is about 1.6 nm at 
1 kV. The working vacuum is 2 to 133 Pa. In this work, the imaging was conducted with the 
electron energy equal to or lower than 5 kV. The sample was usually prepared by being 
deposited on conductive carbon tape or silicon wafer. For the sample with low conductivity 
and serious charging problem, the gold coating was applied to increase the conductivity, so the 
charging would not affect the quality of the images. 
 
Figure 3.6 Photos of LEO-1530 on the left and Supra 55VP on the right. 
3.2.3 Transmission electron microscopy (TEM) 
TEM (Figure 3.7) is a microscopy that uses very high velocity electrons to penetrate the 
material and then the interacted electrons are collected below the sample and the 
crystallographic information of the sample could be extracted from the signal. Because of the 
high energy, the wavelength of the electron is very small, which makes TEM a very high-
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resolution microscope. In the project, a JEOL-2100 and a JEOL-2100F were used. JEOL-
2100F is equipped with a ZrO/W (100) field emission gun. The acceleration voltage is from 80 
to 200 kV. The spot diameter of the JEOL-2100F is about 2 to 5 nm in TEM mode. The small 
beam spot helps the TEM to achieve very high resolution. The point resolution is about 0.23 
nm and the line resolution is about 0.1 nm. In the experiment, TEM was frequently used to 
acquire bright field, dark field images and electron diffraction patterns of samples, which 
helped to clarify the structures of samples. The sample for TEM analysis needs to be thin, so it 
is penetrable by the beam. The samples analysed by TEM in this project contained mostly 
nanoparticles, so they were usually ultrasonicated in water or ethanol and then drop-casted on 
the TEM grids.   
 
Figure 3.7 Photo of the FE-TEM JEOL 2100F. 
3.2.4 Scanning probe microscopy (SPM) 
A Cypher scanning probe microscope (Figure 3.8) was used to characterise the surface property 
of the material. The working mechanism is illustrated in Figure 3.9. The main part of the SPM 
includes a cantilever, cantilever holder, laser emitter, position sensitive photodiode, sample 
stage and data collecting and analysing units. It needs to be emphasised that in Cypher SPM, 
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the cantilever is kept still during the experiment. Instead, there are four piezo-electric actuators 
seating at the four directions of the sample stage. During the experiment, electric-potential is 
applied to the actuator to make them shrink or extend, which moves the stage. By doing this, 
the cantilever is kept still. Since the cantilever is very light and easy to be perturbed during the 
movement, keeping it still will reduce the noise related to the cantilever moving and increase 
the resolution in vertical and horizontal directions. The horizontal resolution can be down to 
60 pm and the vertical one is about 50 pm. The position sensitive photodiode in Cypher SPM 
is built by combining 4 pieces of independent photodiode screens in the pattern shown in Figure 
3.10. By measuring the intensity of the laser in each of the photodiode screens and comparing 
them, the centre of the laser can be known. For example, when the centre of the laser spot is 
super-positioned with the centre of the four screens, the light intensity on each of the screen is 
the same. In the simple atomic force microscopy experiment, the sample stage is moving, which 
causes the cantilever scanning on the surface of the sample. At the same time, the laser spot is 
positioned on the cantilever and the interaction between the sample and cantilever is set to be 
constant. By contacting with the sample, the cantilever will be moved up and down to keep the 
constant interaction with the sample, which causes a change in direction of the laser reflection. 
This change will be detected by the movement of the laser spot on the position sensitive 
photodiode quantitatively with the consideration of the geometry of the optical path. In the 
more complex lateral force microscopy mode, the twist of the cantilever is also monitored by 
detecting the lateral movement of the laser spot on photodiode screens.      
Depending on the conditions, different information can be extracted from the movement of the 
cantilever and its interaction with the sample surface. In the project, atomic force microscopy 
and lateral force microscopy have been used to characterise the morphology and the surface 
friction of samples. 
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Figure 3.8 Photo of Cypher SPM. 
 
Figure 3.9 Illustration of the working mechanism of AFM (http://www3.physik.uni-
greifswald.de/method/afm/eafm.htm).  
 
Figure 3.10 Illustration of the position sensitive photodiode. 
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3.2.5 Nitrogen-sorption 
Nitrogen-sorption at liquid nitrogen temperature is used to characterise the surface area and 
pore size distribution of the material. By analysing the adsorption curve with different 
mathematical models, different properties of the surface can be evaluated.  In the project, BET 
theory was used to calculate the total surface area. BET theory is an extension of Langmuir 
theory [147]. Instead of considering only single layer absorption in Langmuir theory, BET 
theory considers the multilayer adsorption with several hypotheses. For example, the 
adsorption should be physical adsorption and there is no interaction between different 
adsorption layers. By adopting those hypotheses, the monolayer adsorbed gas quantity can be 
calculated from the adsorption curve and the surface area can also be acquired. It need to be 
emphasised that BET theory only holds when the relative pressure is between 0.05 and 0.35 
(relative pressure is the actual pressure divided by the saturated vapour pressure at a given 
temperature). T-plot was used to calculate the pore area and external surface area [148]. The 
basic concept of T-plot is that by comparing an isotherm curve of a micro-porous material with 
a standard Type 2 isotherm the information about the pore area can be extracted. By assuming 
that the thickness of the adsorbed film is uniform, a statistical thickness t can be calculated 
from the gas adsorption isotherms and the relationship between t and the quantity of the 
adsorbed gas can be built, which is the t-plot. By comparing the t-plot of the sample and the 
standard t-plot, the area of pore can be calculated. The equipment used was Tristar 3000 (Figure 
3.11). Tristar 3000 can measure the pressure from 0 to 999 mmHg with a resolution of 0.05 
mmHg. The accuracy of the pressure measurement is within 0.5% of the full scale. The vacuum 
required for the test is 20 μmHg. 
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Figure 3.11 Photo of Tristar 3000. 
3.2.6 Thermogravimetric analysis (TGA) 
In a TGA experiment, the weight changes of the sample induced by chemical reactions or 
physical changes during the heating process are recorded. From an analysis of the results, the 
thermal stability of the sample can be evaluated. It is also used to probe the adsorption species 
in the material since these species are weakly bonded with surface and can be vaporised in the 
heating process. For example, Ar atmosphere is selected when analysing the content of 
adsorptive species in milled graphite, since Ar will not react with graphite at high temperature. 
The equipment used was NETXSCH STA 409 PC (Figure 3.12). 
 
Figure 3.12 Photo of the thermal gravimetric analyser. 
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3.2.7 Dynamic light scattering 
The dynamic light scattering method was used to measure the particle size of samples. In the 
test, the tested sample needs to be in a solution or dispersion so that the particles perform 
Brownian motion. The theory is that when the light (the laser light is used in the experiment) 
is scattered by little particles (smaller than the wavelength), it will cause Rayleigh scattering, 
in which the scattered light is in all directions. At the same time, particles have relative motion 
towards or away from each other. The change of the relative position among particles will then 
lead to an inconstant phase difference among the scattered light, which is interpreted as a 
fluctuation of the intensity of light detected. Thus, the fluctuation carries the information of the 
speed of the Brownian motion, which is related to the particle size. This information can be 
calculated and extracted by a computer program and the particle size can be reported. In this 
project, this methodology was used to analyse particle size distribution of the samples after 
different treatments, such as ball milling or annealing. The analyser used in the project was the 
Malvern Zetasizer nano (Figure 3.13). 
 
Figure 3.13 Photo of the Dynamic light scattering analyser. 
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3.2.8 Raman spectroscopy  
Raman spectroscopy has been demonstrated as a very useful technique in the characterisation 
of graphitic materials. Single crystals of graphite have a Raman resonance peak at 1575 cm-1, 
which could be assigned to E2g vibration mode of the graphite crystal and called the G band 
[149]. In the same paper, it was also mentioned that there was another peak at about 1355       
cm-1 in polycrystalline graphite. The intensity of this band was found to be inverse-proportional 
to the graphitic in-plane size. In 1977, Hiroshi et al. reported that after neutron-irradiation, the 
intensity of the band at about 1360 cm-1 increased [150]. In addition, there was another band at 
about 1623 cm-1 appearing. These two bands were then related with the defect structure or atom 
clusters introduced by neutron-irradiation. Vidano and Fischbach confirmed that the bands at 
1360 and 1623 cm-1 were defect-related and labelled them as D and D’ respectively [151]. They 
also researched the double-resonance Raman of graphite and found two intensive bands at 
about 2700 cm-1. In 1979, a more detailed work was conducted to understand the Raman 
fingerprint of graphite [152]. It has been suggested that the band at about 2700 cm-1 could be 
the double resonance of the D’ band at about 1350 cm-1, instead of a genuine vibration of 
perfect graphitic structure suggested before [153]. Willis et al. studied the dispersive property 
of the Raman band of the graphite. The Raman spectra were recorded using different excitation 
laser wavelengths from 488 nm to 647 nm. It was found that the Raman bands at 1360 (D), 
2720 (2D) and 2950 (D+G) cm-1 shifted with the photon energy. On the other hand, the bands 
at 1580 (G) and 1620 (D’) cm-1 were not varied. Particularly, it was found that the energy shift 
of 2D band was approximately twice the shift of D band. This observation implied that the 
origin of 2D band could be the double resonance of D band.  
Ferrari studied different carbon structures and further explained the Raman spectra for 
disordered graphitic structures [154]. It was suggested that the disordering process of graphitic 
carbon could be explained with a three-step model. The first step is the change of big graphitic 
Chapter 3 Methodology
48

chunks into nanocrystalline graphite. In the second step, nanocrystalline graphite is changed to 
amorphous carbon. The amorphous carbon is further evolved into ternary amorphous carbon 
in the third step. In the first step, ID/IG increases due to the boundary atoms creation, which 
activates the D band. At the same time, the appearing position of G band moves to higher wave 
number, which is caused by the increasing intensity of D’ band  at about 1620 cm-1. In this 
stage there is no dispersion of the G band. In the second stage, it is found that instead of a 
further increase of ID/IG, the ratio decreases. The explanation for this phenomenon is that in 
stage 2, the six-folded ring system begins to be broken and the content of sp3 carbon begins to 
increase. The origin of D band is the ring-breathing of the aromatic ring in graphite, so with 
the decrease of the number of the rings, the intensity of D band begins to decrease. On the other 
hand, G band is associated with the vibration of C=C bonding, which exists even when the ring 
is broken, so the intensity of G band should keep constant. The decreasing ID/IG is explained 
as an indication of the process, in which the ring system begins to be destroyed when the 
nanocrystalline graphite is transforming to amorphous carbon. Finally in the third stage, when 
all the graphitic structure transfers into amorphous phase, the G peak will blue shift as the result 
of the ring breaking and the formation of olefinic structures. Moreover, the ID/IG is close to 
zero since most of the aromatic rings have been open and very little structure contributes to the 
D band.   
The intensity and the width of the major Raman bands is very sensitive to the structure and 
chemical composition of the graphitic materials, which makes it a very good technique in 
studying graphitic materials [155]. The equipment used in this project included The LabRAM 
HR800 from HORIBA JOBIN YVON S.A.S. and Renishaw inVia micro-Raman system.  
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Figure 3.14 Renishaw inVia micro-Raman system. 
3.2.9 Ultraviolet-visible absorption (UV-Vis)  
UV-Vis was used to characterise the electronic energy level of the sample. Usually, the 
molecules containing ʌ and/or non-bonding electrons can be excited to the anti-bonding 
orbitals by the photons in this energy range. For instance, graphite, which has delocalised ʌ 
electrons has a strong absorption of the UV-Vis spectrum. For a sample with an already known 
absorption in the spectrum, UV-Vis can be used to detect this sample. Varian Cary 3 and the 
Cary 5000 were used in the project (Figure 3.15). 
 
Figure 3.15 Photo of UV-Vis spectrometer. 
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3.2.10 Synchrotron beam source 
The core of a synchrotron beam source is an accelerator that accelerates the charged particles. 
The basic theory of the synchrotron is that an accelerated charged particle radiates 
electromagnetic waves, which is described in Larmor formula or relativistic Larmor formula 
depending on the speed of the motion. In the synchrotron accelerator, charged particles 
(electrons in Australian synchrotron centre) are moving in a ring, in which they are accelerated 
at every point of the ring and this causes the change of direction of their velocity. Being 
accelerated, the electrons radiate electromagnetic wave. The spectrum of the electromagnetic 
wave is selected by monochromators for different uses. In the soft X-ray beam-line at 
Australian synchrotron centre, the photon energy is from 100 eV to 2500 eV, which can excite 
the electron transitions in the materials.  
3.2.11 X-ray photoelectron spectroscopy (XPS) 
XPS is a technique used to probe the chemical environment of atoms in the materials. In the 
experiment, the sample is exposed to X-ray radiation. The energy of the X-ray photon can 
excite electrons to leave the material, if its energy is higher than the gap between the electron’s 
energy level and the energy level at an infinite point. At the same time, when an inner shell 
electron is scattered by the X-ray, an outer shell electron may transit and fill the hole. The 
energy emitted in the process could excite another outer shell electron, which is called the 
Auger electron, to leave the material. The energy of the photoelectron is related with the kind 
of the atom and the chemical environment around the atom. Thus, by analysing the energy of 
photoelectrons, the elemental information and the chemical environment can be acquired. For 
example, in the project, XPS is used to analyse the nitrogen doping in the ball-milled graphite. 
A typical spectrum of graphite is shown in Figure 3.16. The peak at about 284 eV comes from 
the C=C bonding in graphite and the small peak at about 530 eV is due to the oxygen atoms in 
Chapter 3 Methodology
51

the sample. Due to the high-energy resolution of modern XPS, the different nitrogen doping 
species, such as pyridinic nitrogen and graphitic nitrogen, can be determined after fitting the 
envelope of the high-resolution N1s spectrum. Moreover, the peak area is proportional to the 
quantity of the component that it stands for, so the area can be used to calculate the relative 
quantity for each components. On the other hand, XPS can be used indirectly to monitor the 
defective structure in the material. An example is using XPS to measure the quantity of sp3 and 
sp2 carbon in the ball-milled graphite sample. In the commercial graphite, almost all the carbon 
atoms are sp2. However, after ball milling, the graphitic structure is broken and sp3 carbon is 
formed at the defective sites. Since the energy of the 1s electron in sp2 and sp3 carbon is 
different, XPS can qualitatively or semi-quantitatively measure the content of the sp3 carbon 
and help to analysis the defective structure in the material. However, as fitting is needed to 
differentiate two kinds of carbon and carbon 1s spectrum also receive interference from 
different carbon oxide groups, this method is not accurate in this circumstance and the result 
needs to be confirmed by other methodologies before making any assertion. In this project, 
SPEC-XPS and synchrotron based XPS have been used. 
 
Figure 3.16 A typical x-ray photoelectron spectrum of commercial graphite. 
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3.2.12 Near edge X-ray absorption fine structure (NEXAFS) 
NEXAFS is the technique similar to XPS in the aspect of the source of excitation and both use 
monochromatic X-ray. However, in NEXAFS, the X-ray photon energy is scanning instead of 
being fixed. More importantly, instead of analysing the initial photoelectrons, NEXAFS also 
monitors the event that happens right after the excitation. Figure 3.17 illustrates three processes 
that contribute to the NEXAFS spectrum. The photoelectron, fluorescence photon and Auger 
electron triggered by the incident X-ray can all be detected in NEXAFS experiment. Thus, in 
contrast to XPS that requires the final detectable state as a free state, NEXAFS can probe even 
the binding state. The NEXAFS unit used in the project was based on soft X-ray beamline in 
the Australian Synchrotron Centre. 
 
 
Figure 3.17 Three processes that contribute to the NEXAFS spectrum, which produce a) 
photoelectrons, b) fluorescent photons and c) Auger electrons. 
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In the project, NEXAFS was an effective way to study the structure of graphitic materials. The 
most significant features in highly crystallined graphite are the transitions at about 285.5 eV 
and about 291 eV [156]. The transition at 285.5 eV is from the initial 1s state to the final ʌ* 
state. The transition at 291 eV splits to two peaks at about 291.7 and 292.8 eV in the graphite 
with good crystallinity. This is caused by the interaction between the ı* orbital and the pz 
orbital of the inequivalent carbon atoms in the lattice [157]. The significance of the doublet 
band is that it requires good alignment between graphene planes, or it cannot be seen in the 
spectrum [158]. Thus, NEXAFS provides a significant feature that can be used to check the 
interlayer structure of graphite. Besides, there are two transitions representing the in-plane 
defects in graphene layers [159, 160]. In conclusion, NEXAFS can be used as a powerful 
instrumental analysis method to pinpoint the defect structure in graphitic materials.       
3.2.13 Galvanic charge-discharge 
This method is used to test the stability, durability, capacity and columbic efficiency of a 
battery. In the experiment, the battery is charged and discharged at a fixed current for many 
cycles. The voltage and the capacity are recorded in the process. The equipment used in the 
project was LAND battery test system (Figure 3.18). The voltage range of the system is from 
5 V to 15 V. The current resolution is 0.001 mA and the voltage resolution is 0.001 V. 
 
Figure 3.18 Photo of LAND battery test system. 
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3.2.14 Cyclic voltammetry (CV) 
CV is the method used to study the mechanism of an electrochemical reaction. During the 
experiment, the voltage scans back and forth in a range and at the same time the corresponding 
current is recorded. CV is helpful in studying electrochemical reactions since it can reveal the 
potential of the reaction and other properties, such as over-potential and reversibility. In the 
project, Solartron and Ivium-n-State electrochemical stations were used for the CV test. Ivium-
n-State electrochemical station can apply potentials from -10 to 10 V, with a resolution of 0.33 
mV. The current range is from 10 nA to 10 A in 10 steps and the current resolution is 0.015% 
of the current range selected.
3.2.16 Electrochemical impedance spectroscopy (EIS) 
EIS is a method to study the mechanism of an electrochemical process. In an EIS experiment, 
a series of alternating voltage signals with different frequencies is applied. By extending the 
concept of resistance with the effect in time domain, an extended Ohm theory can be acquired: 
෨ܼ ൌ ෨ܸȀܫሚ 
ܼோ ൌ ห ෨ܼห  ߠ 
ܼூ ൌ ห ෨ܼห  ߠ 
෨ܼǡ ෨ܸ ǡ ܫሚ are the complex form of impedance, voltage and current. ZR is the real part of impedance 
when ZI is the imaginary part. Ĭ is the phase angle of impedance. By analysing the real and 
imaginary part of the impedance and combining with the equivalent circuit method, it can 
provide information about the mechanism of chemical reactions. In the project, Ivium-n-State 
was used to perform EIS experiment. The Ivium-n-State can apply a potential with a frequency 
range from 10 micro Hz to 250 kHz. The amplitude of the potential is from 0.015 mV to 1.0 V. 
Chapter 3 Methodology
55

3.2.17 Rotating disc electrode (RDE)  
RDE is used to study the kinetic of the electrochemical reaction. In contrast to the steady 
electrode experiment, the working electrode, on which the sample is deposited, is rotating in 
the electrochemical test. When rotating, the solution around the electrode (hydrodynamic 
boundary layer) is dragged by the electrode and the forming centrifugal force flings the solution 
away from the centre of the electrode. The solution beneath the hydrodynamic boundary layer 
will then move upwards and replace the flung solution. In this way, it builds an electrochemical 
reaction that is controlled by the solution flow rate rather than the diffusion rate of the reactant. 
The flow rate is controlled by the rotating speed of the disc. By analysing the reaction at 
different disc rotating rates, the information of the reaction mechanism can be extracted. For 
example, in this project, the RDE is used to study the electron transfer number of the nitrogen-
doped graphitic materials in catalysing ORR. By applying the Koutecky-Levich equation and 
plotting the current against rotation speed, the slope of the plot contains the information of the 
electron transfer number of the reaction, which is valuable information to study the mechanism 
of electrochemical reactions. In this project, the RDE experiment was carried out with a 
rotating ring-disk electrode with Pt Ring and GC disc made by ALS Co., LTD.    
3.2.18 Fourier transform infrared spectroscopy (FTIR) 
Infrared spectroscopy is a very popular methodology used to characterise the functional groups 
in a wide range of materials. Molecules have different vibrational modes, which can reflect the 
structure of the molecule. When the molecule interacts with the photon, which carries the 
energy equal to the energy gap between the ground state and an excited state of one vibrational 
mode, the photon could be absorbed and the molecule will be excited. The photon energy of 
the infrared spectrum covers the excitation energy of vibrational modes of many chemical 
functional groups. Moreover, the excitation energy of vibrational modes of different functional 
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groups are usually different, so by analysing how the infrared light is  absorbed by the molecule, 
the information of the structure of the molecule can be extracted. The traditional infrared 
spectroscopy (dispersive spectroscopy technique) needs the sample to be exposed to a 
monochrome infrared light, the frequency of which is changing during the experiment. It is 
usually slow. In FTIR, the spectrometer simultaneously detects the spectrum in a wide spectral 
range. During the data collection, the combination of the frequency in the beam is modified in 
different exposures to get many data points. The whole data is then processed by Fourier 
transform to transform the data from time domain to frequency domain. This process is usually 
done by computer and it dramatically shortens the time needed for the test comparing with the 
dispersive spectroscopy technique. A typical FTIR spectrum is shown in Figure 3.19. The 
major peaks at 1200, 1600 and 3400 cm-1 indicate that in this sample there are mainly C-O-C, 
C=C and -OH functional groups. The equipment used in this project was a Bruker Vertex 70 
infrared spectrometer. The instrument has a spectral range from 400 and 4000 cm-1, with a 
resolution down to 0.4 cm-1. 
 
Figure 3.19 A typical FTIR spectrum of graphene sample after oxygen reduction reaction. 
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3.2.19 Nuclear magnetic resonance (NMR) 
The basic theory of NMR is that when a nonzero spin nuclei is in a magnetic field, the spin 
energy state of the nuclei will split. The nuclei, then, can absorb and re-emit the electromagnetic 
radiation to be excited or back to ground state respectively. The energy gap between the excited 
state and ground state is influenced by the property of the nuclei and the strength of the external 
magnetic field. NMR can be used as a method to characterise the chemical environment of the 
nuclei, since the nuclei is shielded by the electron in the atom, which will also response to the 
magnetic field and produce an induced magnetic field. The induced field will enhance or 
decrease the applied magnetic field ‘felt’ by the nuclei, which alters the energy gap between 
the excitation state and the ground state. Therefore, by analysing the frequency of the 
electromagnetic field, which will resonate with the nuclei, the chemical environment of the 
nuclei can be characterised. In solid state NMR, the sample is prepared in solid state, which 
leads to a more complex situation than liquid NMR due to the anisotropic influence of solid. 
However, several methods, such as magic angle spinning (MAS), have been developed to 
reduce the negative influence and to get analysable spectra. The equipment used in this project 
was BRUKER Avance3 NMR spectrometer (Figure 3.20).   
 
Figure 3.20 BRUKER Avance3 NMR spectrometer.
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Chapter 4 Disorder in ball-milled graphite revealed 
by Raman spectroscopy  
 
4.1 Introduction 
As discussed in Chapter 2, the modern high-energy mechanical milling technique has been 
used to produce graphitic materials with disordered structures [60, 73, 161]. Phase 
transformation sequence from hexagonal structure to turbostratic, nanocrystalline and 
amorphous structures has been found [73, 161]. A porous structure is found in graphite after 
ball-milling treatment in Ar atmosphere because of severe plastic deformation and defect 
creation [60].  During the ball milling, the surface area of the graphite increases first and then 
decreases during further milling. This increase can be explained by the particle size reduction, 
but the later reduction of the surface area has not been well understood. Further characterisation 
with other analysing techniques is needed to reveal detailed structural changes. Raman 
spectroscopy is a powerful tool to examine carbon structures and especially in disordering and 
amorphisation processes [149, 155, 162, 163]. Band intensity ratio ID/IG has been found to 
reflect the different disordering stages in ion-beam bombarded graphite [164]. The phase 
transformation in graphite under ball milling has not been carefully investigated using Raman 
spectroscopy. This chapter shows Raman spectroscopy analysis can reveal detailed phase 
transformations during milling processes.  
 
4.2 Experimental 
Crystalline graphite powders from Sigma Aldrich (particle size < 20 μm) were used as the 
starting material. Ball milling was performed with a high-energy rolling ball mill. A magnet 
Chapter 4 Disorder in ball-milled graphite revealed by Raman spectroscopy
59

was used to control the milling energy [165]. 4 g of graphite were milled with 4 hardened steel 
balls of 2.5 cm in diameter. The powder to ball weight ratio was 1:66. The rotating speed was 
150 rpm and milling atmosphere was Ar gas at 300kPa. The purity of the Ar used is 99.99%. 
 
Raman spectroscopy characterisation was performed using a LabRAM HR800 instrument from 
HORIBA JOBIN YVON S.A.S. with a laser of 532 nm and a power at 50 mW. The spectral 
resolution of the equipment is 0.3 cm-1. The spectra were taken from 200 to 3500 cm-1 with a 
signal collection time of 15 s and two collections were added to generate the final spectrum. 
To quantitatively analyse the band changes, the D and G bands were fitted with Lorentz peaks 
so that the position, height and the full width at half maximum (FWHM) of each band can be 
determined.  
 
X-ray powder diffraction (XRD) was performed using a PANalytical X’Pert Pro diffractometer 
(Cu K-alpha radiation, Ȝ= 0.15418 nm). The step size was 0.05° and the collection time was 
1.5 s for each step.  
 
Nitrogen-sorption test was carried out using a Tristar 3000 (Micrometrics) system at 77 K. 
Branauer-Emmett-Teller (BET) theory and t-plot method were used to calculate BET, external 
and internal surface areas.  
 
Scanning electron microscopy (SEM) images were obtained from a Zeiss Supra-55VP 
instrument and 3 kV was used as the acceleration high voltage. The working distance was 5 
mm. The transmission electron microscopy (TEM) imaging and electron diffraction were 
performed with a JEOL-2100F microscope at 200 kV.  
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X-ray photoelectron spectroscopy (XPS) analysis was performed with a SPECS system with 
the Phoibos MCD 100 electron analyser and monochromatised Al KD X-rays of 1486.74 eV. 
The photoemission spectra were simulated with several sets of Gaussian-Lorentzian functions 
with Shirley background. Four peaks were used to fit the XPS data. The position of the four 
peaks are at 284.3, 285.0, 285.8 and 287 eV, representing sp2 carbon, sp3 carbon, C-O and C=O, 
respectively. The ratio of sp3 carbon to sp2 carbon can be calculated by dividing the area of the 
peak at 285.0 eV by the area of the peak at 284.3 eV.   
 
4.3 Results and discussion 

Figure 4.1 Raman spectra of the graphite milled in Ar gas with different milling periods. 
The evolution of the Raman spectra during milling process is illustrated in Figure 4.1. Three 
well defined bands can be seen in the spectrum of the starting graphite (0 h), which are 
generally called D, G and 2D bands [154, 166], at the positions of around 1350, 1582 and 2718 
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cm-1, respectively. The strong G band originates from the E2g vibration mode, corresponding 
to the relative motion between 2 sp2 carbon atoms. The D band comes from A1g ring breathing 
mode and importantly, this mode is symmetrically forbidden in perfect graphite. The very low 
intensity of the D band indicates the starting graphite has relatively good graphitic structure. 
During the first stage of milling (up to 20 h), the intensity of the G band decreases as the milling 
time increases, while the D band intensity increases rapidly. Significant changes of the bands 
as a function of milling time are plotted in Figure 4.2. Figure 4.2a shows the changes of the 
intensity ratio of D over G band (ID/IG) during the milling process. ID/IG rises from 0.28 to a 
peak value of 1.26 at the end of 15 h and then decreases to 1.07 during further milling to 40 h. 
It becomes almost unchanged during extended milling to 100 h. Such a complicated variation 
implies some interesting phase changes, which will be discussed later. Figure 4.2b shows that 
the G band shifts from 1581 to 1590 cm-1 within the first 30 h of milling and then slowly shifts 
back to 1587 cm-1 during further milling. In contrast, the D band position does not change much. 
The band width changes are compared between the D and G bands in Figure 4.2c. A small 
increase of the FWHM of the G band (from 25 to 80 cm-1) is observed only during the first 15 
h of milling. The FWHM of the G band does not change much during further milling. In 
contrast, the FWHM of the D band increases rapidly from 50 to 220 cm-1 within the first 40 h 
and then slowly increases to 240 cm-1 at the end of 100 h milling. The large FWHM of D band 
is generally considered as a result of the distribution of clusters with different dimensions and 
orders in amorphous phases [155, 167]. The intensity of the 2D band decreases with the 
increase of ball-milling time, which is attributed to the disorder in c axis and the formation of 
turbostratic structure [166] and proportion to the crystal size [168]. Because of the weak 
bonding between the (0 0 2) basal planes, high-energy ball milling actions can easily destroy 
the original ordering between the basal planes and even large starting crystal down to very 
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small size within the first milling stage. A 2D band thus cannot be seen from the samples milled 
for 20 h or longer.   
 

Figure 4.2 The milling time dependence of a) ID/IG; b) position of the G bands; c) FWHMs of 
the G and D bands. The error bars represent standard deviations. 
XRD patterns of the milled graphite samples as displayed in Figure 4.3 show that the diffraction 
peaks of the milled samples become weak and broaden as the milling time increasing, 
indicating a gradual disordering process. For the samples milled for 15 and 20 h, the 
asymmetric shape of the (0 0 2) peaks at about 25.6 degree is due to the mixture of amorphous 
and nanocrystalline phases. The amorphisation of graphite seems to be complete after 40 h of 
milling as only one single and broad diffraction peak is observed in the corresponding XRD 
pattern. No further change can be seen from the XRD patterns for the samples milled for longer 
time (70 and 100 h). TEM analysis confirms the phase changes. The unmilled graphite has a 
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well-crystallised hexagonal structure as evidenced by the sharp and dotted (0 0 2) diffraction 
rings (Figure 4.4a). The TEM image of the 15 h milled sample (Figure 4.4b) shows parallel 
fringes with a thickness of about 4 nm (indicated by arrows), confirming a mixture of 
nanocrystalline structure and disordered phases. No parallel fringes can be found in the TEM 
image in Figure 4.4c and 4.4d taken from the longer milled samples, suggesting disappearance 
of nanocrystalline structures and full amorphisation after 40 h milling. Dense and compacted 
clusters can be seen on the TEM image as shown in Figure 4.4d (indicated by arrows). The 
small clusters are formed by high-energy ball impacts and they are popular in the samples 
milled for extended periods of time (i.e. 70 and 100 h).  
 

Figure 4.3 X-ray diffraction patterns of the graphite milled for different periods. 
The intensity and shape changes of the D and G bands of the Raman spectra in Figure 4.1 
should be associated with the structural changes created by ball milling. When the ball milling 
begins, the milling actions cut down large graphite particles to small flakes and peel the flakes 
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into thin sheets, as revealed by the TEM image and the inserted electron diffraction in Figure 
4b. The generation of structural defects by milling actions activates the D mode resulting in a 
rapid rise of the band intensity during the first period of milling (20 h). During further milling, 
the ball milling actions break up the sp2 bonds of six-member-rings, the D band intensity starts 
to decrease as the intensity depends on the number of the rings. During the extended milling 
up to 100 h, the D band intensity remains almost unchanged, implying the disordering process 
is balanced by an ordering process that will be discussed later.  
 
 
Figure 4.4 TEM images and electron diffraction patterns of the graphite samples milled for 
different periods of time: (a) 0 h, (b) 15 h, (c) 40 h and (d) 70 h.  
While G band is only related to the sp2 carbon-carbon bonding, the broadening of G band is 
possibly contributed by electron-photon coupling, which is sensitive to the size and 
conductivity of the materials [169]. When the milling actions severely damage the crystallinity 
of graphite, the relative position between carbon atoms is slightly changed. A wider distribution 
of the parameter of sp2 bonding could also lead to widening of the frequency of E2g vibrational 
mode and a wider G peak during the first stage of ball milling. The band widening might also 
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be the result of the merge of D' band into G band. The D' band appears as a small shoulder peak 
of G band in the 15 h milled sample (Figure 4.1) and cannot be separated from the G band in 
the Raman spectra of the samples milled for longer time. The large broadening of the D band 
is associated with the disordered graphite structure [167, 169]. Ball milling actions distort the 
aromatic rings, which results in the widening of the D peak. When the milling time increases, 
ball milling could not effectively break the graphite particle further down or thinner as large 
clusters are formed due to welding effect [60, 74]. A typical SEM image of the clusters is 
displayed in Figure 4.5. The formation of these clusters is responsible for the complicated 
specific surface area change as shown in Figure 4.6. The specific surface area increases to 400 
m2/g during the first 15 h of ball milling. During this period, particle reduction and new surface 
generation are dominant [60]. During the further milling stage from 15 to 40 h, the specific 
surface area begins to drop and stabilises during extended milling period up to 100 h. The 
specific surface area of milled graphite has the same evolution as ID/IG, implying that both 
evolutions are related to the ball-milling induced phase transition. 
 
 
Figure 4.5 SEM image of the clusters formed in the graphite sample milled for 100 h.
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Figure 4.6 Specific surface area change as a function of milling time.  
ID/IG changes are found to relate to the different stages of disorder and amorphisation processes 
of various carbon materials [150, 154, 155, 164, 170]. ID/IG increases when the bulk hexagonal 
structure becomes nanocrystalline structure; ID/IG decreases to zero when nanocrystalline 
structure becomes fully amorphous. In the current ball-milled graphite, the disordering and 
amorphisation processes have similar ID/IG evolution as other carbon materials, but ID/IG does 
not decrease to zero when the graphite becomes amorphous. It decreases slightly from 1.28 to 
1.07 over the extended milling up to 100 h. The high ID/IG ratio might be due to two reasons. 
First, the milling intensity used is not high enough to break most of the six-member rings. Most 
milling energy is lost during breaking up of the large clusters so the energy is no longer 
sufficient to break all sp2 bonding. This is confirmed by the low sp3/sp2 bonding ratios 
estimated from XPS analysis. The highest sp3/sp2 ratio is about 25% in the sample milled for 
70 h. Second, the formation of dense and relatively ordered structures found in the samples 
milled for 70 and 100 h (TEM image in Figure 4.4d). The ball-milling actions can impact 
disordered nanostructures into relatively ordered structure at nanometre scale. Equilibrium 
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might be established between disordering and ordering processes. The similar changes in ID/IG 
and specific surface area during the ball-milling process are caused by the same structural 
reasons— an equilibrium disordered structure.  
 
4.4 Conclusions 
Raman spectroscopy has revealed a detailed phase transformation of graphite during an 
extended milling process. ID/IG increases during the disordering process from hexagonal to 
nanocrystalline structure, and it decreases slightly during the amorphisation process and 
remains unchanged during extended milling up to 100 h. The stabilised ID/IG for the amorphous 
phase might be due to two reasons: (1) The ball-milling conditions used in this experiment 
cannot provide sufficient energy to break most of the six-member rings; (2) The formation of 
new clusters leads to equilibrium between disordering and ordering processes. This finding can 
explain why the surface area increases at the beginning of the ball milling process and then 
begins to reduce after 15 h. The ball milling firstly creates new surface by breaking the large 
graphite particles into smaller pieces. However, when the ball milling cannot further break the 
particles, it begins to distort the graphite flakes to form compacted clusters, which leads to a 
reduction of the surface area. This finding is also supported by the XPS characterisation and 
electron microscopy imaging, which proves that the majority of the carbon atoms are still in 
sp2 hybridisation state and the sample milled for long time contains mainly carbon clusters.     
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Chapter 5 The lubricant effect of milling 
atmosphere on nanostructures 
 
5.1 Introduction 
Mechanical forces have been used in different ways since the Stone Age to produce tools, 
materials and other goods in human society. Mechanical grinding has been demonstrated as an 
efficient way to fabricate functional 2-D nanomaterials on a large scale [47, 48, 95, 171]. It can 
also be used to synthesise electro-catalysts for oxygen reduction reaction [108, 172, 173]. 
Mechanical milling is also involved in developing new electrode materials for lithium ion 
batteries with better performance [174, 175]. However, in most of these attempts, the milling 
atmosphere was not carefully selected and little attention was paid to the relationship between 
the structure of the final products and the atmosphere.  
On the opposite side of utilising mechanical forces, it is important to reduce the friction forces 
among the parts of a mechanical system to increase the life-time. Dry lubricants have been used 
for this purpose in the extreme environments, such as high temperature, vacuum or with 
intensive radiation [176-178]. It has been demonstrated that the performance of the dry 
lubricant could be closely related with the atmosphere [179-181]. In addition, in the ball-
milling processes different atmospheres lead to different structures of milled powder and an 
hypothesis is raised to explain the phenomenon, which suggests that the milling in active 
atmosphere could lead to boundary doping and stabilisation of the structure [49, 74, 182-185]. 
However, the mechanism of the interaction between the atmosphere and the solid lubricant and 
the way in which it affects the lubrication has not been well studied.  
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In this Chapter, by analysing the properties and structures of the materials that are ball milled 
in different atmospheres, the way in which the atmospheres affect the final structure of milled 
materials and its relationship with lubrication is studied. An increased understanding of the 
interaction between the atmosphere and solid lubricants may help to develop more efficient 
solid lubricants, in order to meet specialised needs in, for example, space exploration and other 
challenging environments. 
5.2 Experimental 
Crystalline graphite (particle size <20 um), MoS2 powder (particle size <20 um) (Sigma 
Aldrich) and hexagonal boron nitride (BN) (particle size ~ 40 um) (Momentive) were used as 
starting materials. N2 and N2/15% H2 gases used in the experiment had a purity of 99.99%. 
The ball-milling experiment was conducted with a high-energy ball mill with an external 
magnet [165]. In a typical experiment, 4 g graphite (BN or MoS2) was loaded in the ball-milling 
jar with four hardened steel balls. The steel balls were weighted 66 g each, with a diameter of 
2.5 cm. The milling rotating speed was 150 rpm. At the beginning of the experiment, the milling 
jar was vacuumed and then filled with the selected atmosphere at 300 kPa.   
The structure of the samples was studied with X-ray powder diffraction (XRD), which was 
carried out using a PANalytical X’Pert Pro diffractometer (Cu K-alpha radiation, Ȝ= 0.15418 
nm). The step size was 0.05° and the collection time was 1.5 s for each step. The morphologies 
of the samples were studied with a scanning electron microscope (SEM, Supra 55VP) and 
transmission electron microscope (TEM, JEOL 2100F).  
The nitrogen content was measured by LECO TC 600 Oxygen and Nitrogen Determinator.
During the experiment, the sample was heated in a high-purity graphite crucible and the oxygen 
in the sample reacted with graphite to form CO and CO2. At the same time, the nitrogen atoms 
formed stable N2 gas, which was released from the sample. The released CO and CO2 was 
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detected quantitatively by an infrared absorption unit, when the nitrogen was measured by 
thermal conductivity method. 
Near edge X-ray absorption fine structure (NEXAFS) was conducted at the Australian 
Synchrotron Centre with a synchrotron based X-ray source. The experiment was carried out in 
the high-vacuum chamber with the pressure at about 10-10 mbar. The total electron yield was 
recorded. The step of photon energy was 50 meV for carbon and nitrogen edge and 20 meV for 
boron edge. The results were normalised by the photon intensity. When collecting the spectra 
for BN, an electron gun was used to neutralise the positive charge on the sample surface.   
Cypher scanning probe microscope (SPM) was used to measure the surface friction force of 
samples. The SPM was located inside a clean room. In a typical experiment, a sample was 
exfoliated before the measurement by scotch tape method [186]. It was then deposited on the 
silicon wafer and moved inside the selected atmosphere with 350 kPa pressure for 24 h. Finally, 
it was transferred to the SPM and the friction force was measured on a flat flake of sample that 
was approximately 1 umx 0.5 um. This friction was the approximation of the friction inside 
the atmosphere. The sample was left in the atmosphere for 24 h. The surface friction was 
measured again at the same place. The difference of the two measurements was the friction 
deviation of the surface in the selected atmosphere and in the air. 
5.3 Results and discussion 
The structure changes of graphite milled in NH3 was revealed by XRD (Figure 5.1 and 5.2). 
The starting graphite powder has a typical hexagonal structure with two characteristic 
diffraction peaks ((0 0 2) at about 26.5° and (0 0 4) at about 54.5°). When ball milled in NH3 
atmosphere, the diffraction peaks become broad and weak with the increasing milling time up 
to 70 h, which is associated with the reduction of grain size. However, the (002) peak still can 
be seen clearly and the FWHM increases from about 0.45° to 1.55°. Conversely, samples milled 
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in Ar show a disordered and semi-amorphous structure after only 20 h milling. The (0 0 2) 
peaks of the samples milled in Ar almost disappear and the FWHM increases to about 8°, 
indicating a semi-amorphous structure [187]. At the same time, (0 0 4) diffraction peak at about 
56° exists after 30 h ball milling in NH3, which indicates that the sample still has good long 
distance periodic structure on z-axis of graphite. In contrast, the samples milled in Ar for more 
than 10 h have no (0 0 4) diffraction peak.  
Moreover, the position of the (0 0 2) diffraction of samples milled in NH3 shifts from 26.5° to 
26.3° after 70 h milling (Figure 5.3), which suggests a slight increase of inter-plane distance of 
the (0 0 2) basal planes (Figure 5.4). This increase may be a result of mechanical impact or 
NH3 intercalation. 
 
 
Figure 5.1 XRD of graphite milled in NH3. 
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Figure 5.2 XRD of the graphite milled in Ar. 
 
Figure 5.3 The shift of the (0 0 2) peak position. 
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Figure 5.4 The increase of D-spacing of the (0 0 2) planes with milling time. 
The SEM images confirm the different structure evolutions when using NH3 and Ar as the 
atmosphere (Figure 5.5). In Figure 5.5a, the starting material is large graphite chunks with a 
particle size of about 6 um. After being ball milled in NH3 for 15 h, the graphite chunks are 
exfoliated and many thin nanoflakes are in the samples. An additional 15 h of milling does not 
significantly alter the morphology of the nanoflakes (Figure 5.5c). When using Ar as the 
atmosphere, the change is more significant and the structure is broken down more quickly. 
After 5 h milling in Ar, the sample is still flake-like. However, the high-resolution SEM image 
shows that most of the flakes are showing signs of distortion that is not typical of the graphitic 
structure (Figure 5.5d, pointed by an arrow). This may be a sign of the introduction of structural 
defects. When the milling time was increased to 15 h, the morphology was significantly 
changed (Figure 5.5e). No graphitic flake remained in the sample and the sample changed to 
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nanoparticles. Another 15 h milling does not significantly alter the morphology (Figure 5.5f). 
TEM provides more evidence of the structural change (Figure 5.6). Samples milled in NH3 for 
15 h and 70 h have the flake structure and show the diffraction pattern of polycrystalline 
materials. However, in the case of Ar, after 15 h milling, the sample begins to lose the flake-
like structure and the diffraction is a very weak dotted pattern with diffraction rings. After 70 
h milling, only the diffused diffraction rings can be seen and the sample is particle like, which 
means the sample is disordered and semi-amorphous in structure. The comparison shows that 
the structure of the graphite samples milled in NH3 are protected and do not undergo the 
amorphisation process, like the samples milled in Ar. 
 
Figure 5.5 SEM images of ball-milled graphite produced under different conditions. 
Chapter 5 The lubricant effect of milling atmosphere on nanostructures
75

   
Figure 5.6 TEM images and electron diffraction of graphite milled in NH3 and Ar. 
Interestingly, this atmospheric protection effect is not restricted to graphite. The milling of h-
BN and h-MoS2 in NH3 shows a similar protective effect. The h-BN is called ‘white graphite’, 
since it has the same lamellar structure of graphite, but with one boron and one nitrogen atom 
substituting the two carbon atoms in the unit cell. Figure 5.7 shows the structure of the BN 
sample milled in NH3 and Ar atmosphere. Samples milled in NH3 for 15 and 70 h still have 
sharp (0 0 2) and (1 0 0) diffractions at 25.5° and 38°. However, after only 15 h milling in Ar, 
the diffraction peaks broaden greatly and the intensity is much lower than the one milled in 
NH3. The FWHM of (0 0 2) peak of Ar 15 h is about 5°, which is about two times wider than 
the FWHM of the sample milled in NH3 for 70 h.  
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Figure 5.7 XRD of the milled BN samples. 
SEM image shows the starting materials are large BN discs (Figure 5.8a). After being milled 
in NH3 for 20 h, the sample contains mainly nanoflakes (Figure 5.8b), whereas the sample 
milled in Ar for the same duration has lost the lamella structure (Figure 5.8c). These results 
clearly show that the sample milled in NH3 has much better crystallinity than the one milled in 
Ar, due to the protective effect of NH3. 
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Figure 5.8 SEM images of (a) the starting material before ball milling and the ball-milled BN 
in (b) NH3 and (c) Ar for 20 h. 
NH3 can also protect the structure of MoS2 during the ball-milling process but in a more 
complex way. The samples milled in NH3 show broadened XRD diffraction peaks compared 
with the starting material (Figure 5.9). After 200 h ball milling, several diffraction peaks can 
be seen: (0 0 2) at 14.5°, (1 0 0) at 33°, (1 0 3) at 39.5°, (1 0 5) at 50°, (1 1 0) at 58° and (1 1 2) 
at 61°. Conversely, samples milled in Ar for more than 100 h lose the (1 0 3) and (1 0 5) 
diffraction peaks and the (1 1 0) and (1 1 2) diffraction peaks are broadened and merge to one 
peak at 60° (Figure 5.10). This absence of (1 0 3) and (1 0 5) diffraction peaks is caused by the 
interlayer rotation of the crystal planes in the nanocrystal [188]. However, in the case of NH3, 
the sample milled for longer time of 200 h has observable (1 0 3) and (1 0 5) diffraction, which 
means that NH3 protects the nanocrystal in the ball-milling process and reduces the rotational 
disordering of the crystal. The SEM images reveal that in this case, both samples contain 
nanoparticles of MoS2 (Figure 5.11). 
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Figure 5.9 XRD patterns of the MoS2 milled in NH3. 
 
Figure 5.10 XRD patterns of the MoS2 milled in Ar. 
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Figure 5.11 SEM images of the MoS2 milled in NH3 and Ar. 
Not only can this protective effect be applied to different materials, but this protection can be 
provided by gases other than NH3. Figure 5.12 shows the XRD of graphite milled in different 
atmospheres. The graphite samples milled in NH3, C2H4 and CH4 have sharp (0 0 2) diffraction 
peaks (Figure 5.12 a-c). Especially in (a) and (b), the (0 0 4) diffraction is still observable at 
about 55°, which indicates good ordering on z-axis. All three diffraction patterns are different 
to the one milled in Ar (Figure 5.2) and prove that these gases reduce damage to the material 
structures. The ball milling in the N2 and N2/H2 mixture, however, does not show the same 
effect (Figure 5.12 d-f). These three samples have very wide (0 0 2) diffraction peaks, which 
are similar to the sample milled in Ar. 
As the protection can be a universal phenomenon in a mechanical system, understanding its 
mechanism is essential to further develop its application. It has been reported that H2 could 
also have a protective effect [49]. Thus, milling in N2/H2 mixture was conducted to determine 
whether the protective affect is due to the decomposition of the hydrogen-containing gases that 
can form H2. This possibility was rejected by the results. The XRD pattern shows that H2 can 
slightly protect the structure comparing with nitrogen and Ar gas. However, even with 15% H2, 
after only 20 h milling, the (0 0 2) peak becomes wider (Figure 5.12d) than the one milled in 
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NH3 for 70 h (Figure 12e). This demonstrates that it is not hydrogen that protects the structure 
of the milled samples.   
 
Figure 5.12 XRD patterns of the graphite milled in different gases. 
The gas pressure change during the ball milling also rejects the hypothesis that the gas 
decomposition and hydrogen molecules contribute to the protective effect. When milling 
graphite in NH3, the pressure decreases from 300 kPa to 156 kPa after 72 h (Figure 5.13). 
However, as reported previously, the decomposition of NH3 should have caused an increase of 
inner pressure by forming H2 [189-191]. Thus, the protection is not related to the gas 
decomposition of NH3. At the same time, the increase of nitrogen content is found in the 
samples milled for longer periods. This suggests that there may be NH3 reacting with the milled 
graphite. 
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Figure 5.13 The decrease of the gas pressure and the increase of the nitrogen content with 
the increase of ball milling time when ball milling of graphite in NH3. 
NEXAFS is conducted on the graphite and BN samples milled in NH3 and Ar for different 
durations to characterise the influences of these two gases in ball milling. Figure 5.14 shows 
the C K-edge of different samples. In the spectrum of the starting graphite, there is a peak at 
about 285 eV and a doublet peak at about 291 and 292 eV. In addition, there is a very small 
peak at about 289 eV (pointed by arrow). The doublet transition is evidence of the ordered 
structure on z-axis of graphite. The splitting is caused by the interaction of the pz orbitals with 
the px and py orbitals in the neighbour graphene sheets [158]. It only exists in the graphitic 
structure with good z-axis ordering [160, 192]. For the sample milled in NH3, up to 70 h the 
shape of the doublet transition exists and no significant broadening is observed. This indicates 
that the NH3 could protect the sample in ball milling and preserve its ordering structure. 
However, the doublet transition cannot be seen from the envelope of the spectra of samples 
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milled in Ar. The transition at about 298 eV is related with the in-plane defect sites [159, 160]. 
Compared with the starting material, the intensity of the transition does not increase in the 
sample milled in NH3, which proves that NH3 can protect the in-plane structure of the graphite. 
On the other hand, samples milled in Ar have a stronger and wider peak at 289 eV than the 
starting material, which means in-plane defects have been introduced by the ball milling. N K-
edge is performed to characterise the nitrogen content in the sample milled in NH3 (Figure 
5.15). Two transitions appear at 399.70 eV and 401.55 eV. These transitions may belong to the 
trapped NH3 molecules in the milled graphite and are related to the transition from N 1s to one 
anti-bonding orbital with a1 symmetry and another one with e symmetry [193, 194]. It may 
explain the decrease of gas pressure during the ball milling (Figure 5.13) and the increase of 
the interplanar distance of (0 0 2) crystal planes (Figure 5.4). During the ball milling, NH3 
molecules interact with graphite and adsorb or intercalate into the graphitic structure.  
 
Figure 5.14 C K-edge NEXAFS of ball-milled graphite. 
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Figure 5.15 N K-edge NEXAFS of graphite milled in NH3. 
The similar protective effect of NH3 is also supported by the N K-edge NEXAFS of BN. 
(Figure 5.16) The FWHM of the transitions at about 407.5 eV of the samples milled in NH3 is 
narrower than the samples milled in Ar, which is a sign of better crystallinity [195]. 
 
Figure 5.16 N K-edge NEXAFS of ball-milled BN. 
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B K-edge spectra of the milled BN confirm the less defective structure of samples milled in 
NH3, and at the same time provides more information. A high resolution B K-edge NEXAFS 
reveals four transitions between 192 and 195 eV (Figure 5.17). From the low to high energy, 
the four transition peaks present boron atoms bonded to three, two or one nitrogen atom, and 
boron-boron bonds, respectively. The first peak is the native transition in h-BN, when the other 
three are taken as a sign of defects in the structure [196]. The relative intensity of the defect 
bands to the native band is found proportional to the quantity of the defect structures. 
Comparing the sample milled for 15 h, the sample milled in Ar has greater defect peaks than 
the sample milled in NH3. However, when comparing the samples milled for 70 h, the sample 
milled in NH3 has a similar content of the peak at 194.3 eV, but lower content of the peaks at 
193 and 193.6 eV. This is due to the protective effect of NH3, but more importantly, it may 
provide evidence to further study the mechanism. The previous research explained the 
protection of H2 and O2 atmosphere as the doping on boundary, which could stabilise the 
boundary and the structure of the material [74, 183]. However, NEXAFS shows that after the 
ball milling in NH3, when the in-plane structure is protected, there are defective boron atoms 
that are not bonded with three nitrogen or hydrogen atoms, since the spectra show strong peaks 
above 193 eV (strong peak at 194.3 eV in Figure 5.17). This suggests that most of the defective 
structure in the sample milled in NH3 sits on boundaries, which is different to the sample milled 
in Ar. However, those defective boundary boron atoms are not saturated by the nitrogen or 
hydrogen from NH3. This implies that while the reaction between the boundary atoms with 
NH3 molecules still needs to be considered, this reaction might not be the main reason for the 
protection in the ball-milling process. 
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Figure 5.17 Boron K-edge NEXAFS of ball-milled BN. 
Since the samples milled in NH3 retain the in-plane structure, the protection of the (0 0 2) plane 
is studied with lateral force microscopy, by scanning the friction force in an area and calculating 
the average friction. The friction of the surface in NH3 and C2H4 is 1.56 and 1.96 mV lower 
than the friction in the air. At the same time, the friction in Ar has only 0.29 mV deviation from 
the one in air, which is very close with the absolute friction deviation of the control group and 
contributed most probably by the systematic error of the experiments. An example is given in 
Figure 5.18. The friction of the surface is 2.6 mV in NH3. However, after left in air for 24 h, 
the friction increased to 4.2 mV, which is about 60% greater. These results indicate that NH3 
and C2H4 functions as lubricant and reduces the friction of h-BN (0 0 2) surface, so it can 
reduce the impact and shearing force applied on (0 0 2) surface in the ball-milling process and 
protect the in-plane structure. This explanation is also supported by the pressure drop, shown 
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in Figure 5.13. The pressure drop of active gases during ball milling is observed in other cases 
too. For example, using NH3 as the atmosphere, the pressure dropped by 120 kPa and 140 kPa 
when milling 4 g BN and MoS2 for 20 h respectively. This pressure drop can be caused by the 
adsorption on a particular surface of the milled materials. The adsorbed molecules then 
function as lubricant and protect the surface from the damage of ball milling. This explanation 
is also supported by the strong interaction between NH3 and solid surfaces investigated 
theoretically [197, 198]. It is reported that the NH3 molecules can interact with the graphene 
orbitals and cause charge transfer, which leads to an increased adsorption energy.  A visual 
inspection of the surface of the ball-milling balls after ball milling also supports this finding 
(Figure 5.19). The balls used to mill graphite in NH3 still have a reflective surface after 70 h 
ball milling, which suggests a relative smooth surface (four balls on the left side in Figure 5.19). 
On the other hand, the balls that mill graphite in Ar are much less reflective, which means that 
the surface is much rougher than the balls milling in NH3. This is caused by the lubrication of 
the NH3, which reduces the abrasion and impact during the ball-milling process.
Table 5.1 the decrease of the (0 0 2) surface friction of BN in selected atmospheres 
comparing with air. 
Atmosphere Reduced surface friction compare with air (mV) 
NH3 1.56 
C2H4 1.96 
Ar 0.29 
Air -0.20 
 
 
Chapter 5 The lubricant effect of milling atmosphere on nanostructures
87

 
Figure 5.18 Lateral friction force of boron nitride (0 0 2) surface scanned after taking out 
from NH3 atmosphere for a) 3 mins, b) 1 day.  
 
Figure 5.19 Image of the ball-milling balls after 70 h ball milling of graphite in NH3 (on the 
left) and Ar (on the right). 
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5.4 Conclusions 
In this Chapter, the lubricant effect of the atmosphere was studied in a ball-milling system. It 
was discovered that when ball milling graphite, h-BN and MoS2, NH3 atmosphere can protect 
the structure of the milled materials. Further study demonstrates that this protective effect is 
not limited to NH3, but also applies to C2H4 and CH4. Further investigations on the origin of 
this protection suggested that the strong adsorption of the gas molecules on the surface of the 
materials increased their lubrication. This finding may help to fabricate nanomaterials with 
controlled structure by ball-milling synthesis. In addition, this research demonstrates that, by 
selecting the right atmosphere, the lubrication effect of the dry lubricates can be enhanced. 
Chapter 6 The structure influence of ball milled graphite on lithium storage
89

Chapter 6 The structure influence of ball-milled 
graphite on lithium storage 
 
6.1 Introduction 
The lithium ion battery has become a very popular power source nowadays. Its performance, 
however, hinders its practicality in high-power and/or high-energy output application, such as 
in electrical cars. One potential solution is to design electrode materials with higher capacities 
and better performances [118]. Graphite is a currently widely used anode material for the 
lithium ion battery, but the theoretical intercalation capacity of perfect graphite is only 372 
mAh/g [27].  
In the 1990s, it was discovered that the modified graphitic structure could lead to higher 
capacity than the theoretical value of the perfect graphite [119-121]. Several hypothesises have 
been suggested to explain the enhanced capacities, but the mechanism remains unclear [122, 
123]. Moreover, several recent works report enhanced lithium storage in graphene, in which 
the graphene shows steep discharge-charge curves instead of the normal interaction/de-
intercalation plateau [9, 199, 200]. These results, however, is still not very well understood and 
need to be researched and further explained. In this chapter, different graphitic structures are 
produced by ball milling and their lithium ion storage properties are studied. By linking the 
structure and the lithium ion storage properties, the mechanism of enhanced lithium storage is 
explained. It is also found that the enhanced lithium storage might be quantitatively linked to 
the structural disordering, which could be extract from the Raman fingerprint.       
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6.2 Experimental 
The graphite samples ball milled in Ar and NH3, which have been introduced in Chapter 4, 
were used for Li storage investigation and the detailed preparation process has also been 
described in Chapter 4. 
The battery test cells were assembled in an Ar glovebox. The anode was made by mixing the 
sample, carbon black and polyvinylidene fluoride (80:10:10 by weight ratio), in N-methyl-2-
pyrrolidone. The slurry was then coated on copper foils by 1*1 cm2. The electrodes were dried 
in a vacuum oven, weighed and moved into the glovebox. The bulk electrode made for NMR 
experiment was prepared with Teflon as binder. The electrolyte used was a mixture of ethylene 
carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC) by 1:1:1 volume ratio. 
The cathode is lithium plate, which is also the reference electrode in the system.  
The galvanic charge-discharge capacities were measured by a Land CT2001A system. The CV 
and EIS were conducted with Ivium-n-Stat. In both experiments, the cells were preconditioned 
by a 3-cycle charge and discharge before the test to avoid the influence of solid electrolyte 
formation. The CV tests were performed at 50 mV/s. The EIS were measured from 0.1 to 105 
Hz. The charge-discharge results showed were from the third cycle.  
Solid-state NMR experiments were carried out on a BRUKER Avance3 NMR spectrometer, 
operating at 500.13 and 194.2 MHz for 1H and 7Li, respectively. Samples were packed in 
standard 4 mm MAS rotors under Ar atmosphere, mounted in a BRUKER triple-resonance 4 
mm MAS probe. Magic angle spinning (MAS) for the commercial graphite (CG) was set to 5 
and 7.5 kHz for 1H and 7Li experiments, and to 13 kHz for the ball-milled carbon sample. A 
single 90 degree pulse with a nutation frequency of 125 kHz and 100 kHz was used for proton 
and lithium excitation, respectively. Recycle delays were set to 4 – 6 sec as determined 
beforehand.   
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All 1H chemical shifts are given relative to TMS using adamantane (d=1.8ppm) as secondary 
reference and 7Li shifts are given with respect to 1M LiCl solution. 
 
6.3 Results and discussion 
Figure 6.1 shows the discharge-charge capacity of several ball-milled graphite samples at 0.1 
C. The samples milled in Ar atmosphere are shown in Figure 6.1a, which shows the capacity 
increases with the milling time and all three milled samples have higher capacities than 
commercial graphite (CG). However, in both discharge and charge curves of the milled samples, 
there is no intercalation or de-intercalation plateau [27]. Instead, the curves are steep indicating 
different charge/discharge mechanisms from graphite. On the other hand, samples milled in 
NH3 show different performance (Figure 6.1b). All three milled samples have lower capacities 
than CG. The discharge capacity drops to about 305 mAh/g, after 15 h milling and further 
milling up to 70 h leads to a lower capacity around 240 mAh/g. The curves show the 
intercalation-deintercalation plateaus, but the plateaus shrink with the increasing milling 
duration.  
 
Figure 6.1 Charge-discharge curves of samples milled in a) Ar and b) NH3 at 0.1C. 
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A charge-discharge experiment with a higher current rate was also conducted on selected 
samples. Figure 6.2 shows the results of 0.5 C charge-discharge of CG, Ar 15 h and NH3 15 h 
samples. The results show a similar trend with 0.1 C experiments. Ar 15 h has a much higher 
capacity of 285 mAh/g, when CG’s capacity shrinks to about 175 mAh/g. The capacity of NH3 
15 h drops to only about 130 mAh/g. The stability of the materials is also studied at 0.5 C. The 
capacity decreases during the recycling for all three testing samples. One example is shown in 
Table 6.1. It could be seen that all samples show less capacity in the 90th cycle comparing with 
the 1st cycle. 
 
 
Figure 6.2 Charge-discharge of the selected samples at 0.5 C. 
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Table 6.1 Charge stability of the selected samples at 0.5 C. 
Sample Capacity (3rd cycle) mAh/g Capacity ( 90th cycle) mAh/g
CG 174.6 101.3 
Ar 15 h 285.1 220.7 
NH3 15 h 126.7 71.5 
 
The CV curves of various samples are shown in Figure 6.3 to study the charge-discharge 
mechanism. In CG, there is a strong intercalation peak appearing below 0.17 V [201]. In 
charging half-cycle, the corresponding de-intercalation peak appears at about 0.35 V. After 
being ball milled in Ar, the CV profile changes significantly. The sample milled for 15 h in Ar 
shows a much wider CV profile than CG, which is caused by greater specific currents in both 
charging and discharging half-cycle. An extended milling leads to even wider CV profile. After 
being ball milled in Ar, the samples show CV profiles similar to the ones of capacitors while 
the intercalation/de-intercalation peaks disappear [202, 203]. This implies that the storage 
mechanism is changed and intercalation/de-intercalation is no longer the major mechanism that 
contributes to the lithium storage. The samples milled in NH3 still have intercalation and de-
intercalation peaks and the widening of CV profiles is not significant. 
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Figure 6.3 CV of the ball-milled samples. 
XRD was used to characterise the change of the crystallinity in the ball-milling process. 
Samples milled in Ar show very broad (0 0 2) peaks at about 25o (Figure 6.4). This is a sign of 
the amorphisation of graphite and the severe disruption of the graphitic structure [187]. On the 
other hand, samples milled in NH3 also show a widening (0 0 2) peak. The diffraction peaks, 
however, are much narrower than the peaks of samples milled in Ar, which indicates that 
samples milled in NH3 have better crystallinity. The same increase of interlayer distance, which 
is introduced in Chapter 5 (Figure 5.3), is also observed in the samples milled in NH3. 
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Figure 6.4 XRD patterns of the ball-milled samples. 
Raman spectroscopy confirms the different structures of samples milled in Ar and NH3 (Figure 
6.5). The Raman spectroscopy of graphite contains four bands, labelled as D, G, D’ and 2D 
band [155, 204]. In samples milled in Ar, only two bands can be seen, which are D and G bands. 
G and D’ bands merge and cannot be separated. 2D bands are very weak in Ar 15 h and 
completely disappear in samples milled for 30 and 70 h. D, G and D’ bands are fitted to extract 
the information of the structure changing. ID/IG is an indication of the structure defects in 
graphitic materials [154]. ID/IG is about 0.3 in CG, which indicates a good crystallinity and low 
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level of defects. When ball milled in Ar, ID/IG rises from 0.3 to about 1.7 after 15 h milling. 
Then, ID/IG decreases with further milling. This evolution has been studied before [187]. This 
feature means that, in this ball-milling process, after 15 h the ball milling cannot break down 
the graphitic flakes further. Instead, the ball milling distorts the graphitic structure and produces 
clusters of sp2 carbon or even sp3 carbon atoms. This is also confirmed by the evolution of 
FWHM of D bands (Figure 6.6b). The FWHM of D bands increase from 45 to 110 cm-1 after 
15 h ball milling and finally reach 220 cm-1. This widening also points to a disordered and 
distorted ring system. On the other side, the sample milled in NH3 shows very different Raman 
spectra (Figure 6.6a). ID/IG increases from 0.3 to about 2.1 monotonically with milling time. 
There is, however, no significant widening of the peaks appearing. For example, FWHM of D 
bands is shown in Figure 6.6b. It only increases from 43 to 47 cm-1 after 70 h milling. This 
indicates that the milling in NH3 could produce more defective aromatic rings that contribute 
to the intensity of D bands. However, the milling does not distort the ring system greatly; 
therefore, the Raman bands are not widened.
 
Figure 6.5 Raman spectra of the ball-milled samples. 
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Figure 6.6 a) ID/IG of the ball-milled graphite; b) the FWHM of the D bands. 
EIS is shown in Figure 6.7. CG, NH3 15h and NH3 70h have typical Warburg impedance in 
low frequency whereas the samples milled in Ar do not [205]. Samples milled in Ar have much 
lower resistance than CG and samples milled in NH3 in the mid to low frequency range. To 
understand the reason for this difference, the equivalent circuit has been used to fit the data. 
An example has been shown in Figure 6.8, which is the fitting of the EIS of Ar 70 h. The model 
used is a two semi-circle model (each is represented with a RC (R represents resistor; CPE 
represents constant phase element) component), which describes the electrochemical property 
of the solid-state electrolyte interface (SEI) and sample surface [205]. The first RC component 
represents the impedance of lithium migration from solution to the solid electrolyte interface 
(SEI). The second semi-cycle represents the impedance of the lithium migration from SEI to 
graphite surface. The Warburg impedance characterises the lithium diffusion into graphitic 
structure. R4 represents the resistance of the charge transfer between graphite and lithium 
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atoms and CPE2 characterises the capacitance of graphite surface. When the circuit in Figure 
6.8a is the normally used circuit, another parallel circuit has been added to analogue the 
observed capacitor-like storage mechanism (Figure 6.8b). In this parallel circuit, the first semi-
cycle describes the SEI and the resistor analogues the resistance when the lithium migrates in 
the electrode material. The capacitor (C2) in this circuit is corresponding to the capacitive 
storage of lithium. The fitting in 6.8b is better than the one in 6.8a at mid frequency range. An 
interesting finding with the new fitting is that for CG and samples milled in NH3, C2 is smaller 
than 10-5 F. However, in the samples milled in Ar, C2 is higher than 10-2 F, which is 103 times 
larger than the ones in CG and NH3 cases. The equivalent circuit method is not always 
quantitatively accurate; however, such a large difference may be meaningful. It implies that 
there is a capacitor-like storage mechanism in samples milled in Ar, but this is absent in CG 
and samples milled in NH3. CV and discharge-charge experiments also support this hypothesis. 
This capacitor-like storage mechanism causes the increased capacity of samples milled in Ar. 
 
Figure 6.7 EIS of the ball-milled samples. 
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Figure 6.8 Fitting of the EIS data by equivalent circuit method. 
7Li solid state NMR clearly demonstrates the different lithiated carbon products formed in the 
graphitic samples with different disordering after being fully discharged (Figure 6.9). Figure 
6.9a shows the 7Li solid state NMR spectrum of CG after discharging. Three actual lithium 
signals are collected, which are highlighted in Figure 6.9b. The peak with the largest area at 
about 43.6 ppm is corresponding to LiC6, which is formed by the lithium intercalation into the 
well organised graphitic structures [206, 207]. The peak at about 4.4 ppm is due to the defect 
related storage of lithium [125]. The sharp peak at about -1 ppm represents the lithium in the 
electrolyte [125]. After ball milling in Ar for 70 h, the lithium storage sites have been changed 
significantly. Figure 6.9 a and b show the spectra of lithium in Ar 70 h after fully discharged. 
There are much more spinning sidebands observed in this case than in CG, which means that, 
in Ar 70 h, the lithium is stored in a much more disordered and anisotropic environment [208]. 
Figure 6.9 b highlights the only actual signal in this case, which is a broad peak at about 1 ppm. 
This is a strong evidence that, in this material, the mechanism of the lithium storage is defect-
related storage, which shows a broad peak at about 1 ppm [206]. Moreover, typical signals for 
the lithium intercalated graphite are not observed, which confirms that lithium storage in this 
case is barely through intercalation mechanism, but through the storage at defect sites.        
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Figure 6.9 7Li solid state NMR spectra of CG in a) and b); the spectra of Ar 70 h are shown 
in c) and d). ‘Real’ signals representing lithium in different chemical environments are 
labelled by ‘*’ to distinguish from spinning sidebands. Multiple spinning frequencies are 
used to differentiate the actual signal and spinning sidebands.    
A closer look at the capacity and the Raman spectroscopy evolution of the samples provides 
an indication of the relationship between the disordered structure and capacitor-like storage. 
When the ball milling in both gases created defects, only the milling in Ar produces a distorted 
ring system in graphite. These samples milled in Ar also have the increased capacity than CG 
and different storage mechanism. This increased capacity and changed mechanism, therefore, 
may be related with the distortion of the graphitic structure rather than the simple point or 
boundary defects. A dimensionless quantity Dis is built to describe the distortion of the 
graphitic system: 
ܦ݅ݏ ൌ ݓݏ െ ݓ݌ݓݏ כ
ܣ஽௦
ܣீ௦ 
ws: FWHM of D band of the sample; 
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wp: FWHM of D band of graphite that contains no distorted aromatic ring; 
ADs: Area of D band of the sample; 
AGs: Area of G band of the sample; 
The wider the D peak, the more distorted the graphitic ring system is. Moreover, AD/AG should 
be considered since it indicates the quantity of the distorted rings [154, 187]. 
At the same time, the intercalation and non-intercalation capacities are differentiated. By 
analysing the CV and galvanic discharge results, for CG and samples milled in NH3 the 
capacities below 0.2 V are intercalation capacity, when the ones above are contributed by non-
intercalation process [205, 209]. For the samples milled in Ar, since no intercalation-
deintercalation couple can be seen in CV and their capacities below 0.2 V are also very low, 
all the capacities are approximately taken as non-intercalation capacities. Afterwards, the 
excessive non-intercalation capacity of the sample is calculated: 
ܥ௘௡ ൌ ܥ௦௡ െ ܥ௚௡ 
Cen: excessive non-intercalation capacity of the sample; 
Csn: non-intercalation capacity of the sample; 
Cgn: non-intercalation capacity of CG;  
 
  Excessive non-intercalation capacities of samples milled in Ar are plotted against Dis (Figure 
6.10a). A positive correlation can be seen between two quantities. It need to be emphasised that 
since ID/IG decreases after 15 h milling in Ar, there is no simple relationship between ID/IG and 
the excessive non-intercalation capacity. It implies that the capacitor-like storage can only 
happen in the distorted graphitic structure, rather than edge-site or simple-defect site that can 
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cause the increase of ID/IG but not the widening of the bands [155, 187]. This is further 
supported by the analysis of the samples milled in NH3 (Figure 6.10b). A similar positive 
correlation can also be built. Furthermore, linear fitting is given in both cases (red line in Figure 
6.10). In both cases, R2 is bigger than 0.96, which suggests that the excessive lithium storage 
might have a linear relationship with Dis. 
 
Figure 6.10 The plot of excessive non-intercalation capacity against Dis of a) samples milled 
in Ar and b) samples milled in NH3. 
When non-intercalation capacity is due to the distorted graphitic structure, intercalation 
capacity is related with normal graphitic structure. Figure 6.11 shows the evolution of IG/ID and 
intercalation capacity. IG/ID can qualitatively describe the perfection of the graphitic structure 
in the samples milled in NH3. IG/ID has the similar evolution trend with the intercalation 
capacity. The different electrochemical performance of samples milled in Ar and NH3 can be 
understood. In Ar cases, the ball milling is very efficient in creating a distorted graphitic 
structure, so there is no intercalation-deintercalation plateau and only very small peaks in CV. 
However, the distorted graphitic structure provides another storage mechanism, which provides 
more lithium storage sites than the depleted intercalation sites and causes an increase in 
capacity. In contrast, in the case of NH3, it does not cause significant distortion to the graphitic 
structure. Thus, until 70 h milling, the main effect of ball milling is cutting down the big 
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graphite chunk, which raises the intensity of ID, but does not widen the Raman band. In these 
samples, the intercalation-deintercalation capacity keeps decreasing. The total capacity also 
decreases.  
 
Figure 6.11 The relationship between IG/ID and the intercalation capacity. 
It is found that the capacity of the material does not have a simple relationship with the surface 
area, as reported before [120, 121]. Figure 6.12 shows the BET surface area of samples milled 
in Ar and NH3. The BET surface area begins to decrease when CG is milled in Ar for longer 
than 15 h, but the capacity still increases with the milling duration. The samples milled in NH3 
have BET surface areas about 10 times larger than CG. Their capacities, however, are much 
lower than the capacity of CG. Comparing samples milled in Ar and NH3, samples milled in 
Ar have larger capacities and surface areas, but as discussed before it is caused by the distorted 
graphitic structure rather than the simple surface area increase. The increase of capacity with 
inter-plane distance, which was suggested by previous work [9], has not been observed in this 
work. The inter-plane distance increases with longer milling duration in NH3 (Figure 5.4). 
However, the intercalation/de-intercalation capacity keeps decreasing with the increase of the 
inter-plane distance. These results are consistent with the early finding that the inter-plane 
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space with turbostratic stacking can lead to a decrease in lithium storage [123]. The 
performance of graphene may also be explained with the mechanism suggested [9, 199, 200]. 
In the reported results, the Raman spectra of the used graphene samples all showed very broad 
and intensive D peaks, which indicated a highly disordered graphitic structure. The enhanced 
capacity is highly likely to be contributed by these distorted graphitic structure with the 
capacity-like mechanism. This could also be the reason why the published results of graphene 
all show steep charge/discharge curves and very low capacity below 0.2 V, rather than the 
plateau of graphite, which are similar with the performance of the sample milled in Ar. 
 
Figure 6.12 BET surface area of the ball-milled samples. 
6.4 Conclusions 
In this chapter, the lithium storage mechanism in graphitic structures was studied. It is 
discovered that the distorted graphitic structure has a lithium storage mechanism that performs 
similarly to the electrochemical capacitor instead of intercalation. This mechanism can provide 
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a greater capacity than intercalation/de-intercalation. The samples milled in Ar have a very 
disordered structure and show much larger capacity than CG. However, among these samples, 
the enhanced capacity does not show dependence on the surface area, but increases with the 
disordering of the structure. On the other hand, the milling in NH3 does not introduce much 
disordering and the capacity decreases after ball milling. It needs to be emphasised that the 
inter-plane distance of these samples increases with longer ball-milling duration, but the 
capacity decreases, which shows that in this case the capacity is not positively correlated with 
the inter-plane distance. 
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Chapter 7 A green mechano-chemical approach for 
synthesis of nitrogen-doped carbon nanoparticles 
 
7.1 Introduction    
Pt-based materials have been scientifically demonstrated as effective electrocatalysts for 
oxygen reduction reaction (ORR) [10], yet large-scale commercial use has been precluded by 
the high cost, limited supply, and weak durability of platinum. Recent intensive research efforts 
directed at reducing or replacing Pt-based electrodes in fuel cells have led to the development 
of new metal-free ORR electrocatalysts [38, 41]. In particular, nitrogen-doped carbon 
nanomaterials have been reported to have better resistance to poisoning [10, 38, 131] and 
relatively cheaper to fabricate [210] than Pt-based catalysts. Thus, nitrogen-doped carbon 
materials have been investigated as potential candidates for replacing Pt to achieve the 
commercialisation of fuel cell technology. Nevertheless, most of the current methods to 
synthesise nitrogen-doped carbon materials face problems like low production yield. 
Therefore, the development of improved fabrication method is still required for large-scale 
application.  This chapter reports a ball-milling assisted N doping process, which can produce 
nitrogen doped carbon catalyst for ORR. 
Ball milling is a process, in which the moving balls apply their kinetic energy to the milled 
material, break the chemical bonding and produce fresh surfaces. These dangling bonds and 
fresh surfaces are usually very chemically reactive to small gas molecules such as nitrogen. 
Also, it has been reported that the milling impact sometimes can create local high temperatures 
[211] and/or high pressure up to several GPa [212]. Due to this nature of the ball-milling 
process, the process has been used as a mechano-chemical synthesis method [211, 213] for the 
fabrication of unique nanostructures with new chemical properties. Solid-gas reaction was 
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researched by milling titanium and zirconium in nitrogen-containing atmosphere to produce 
the nitride species [63-65]. It also has been showed that nitrogen can be effectively doped into 
materials by ball milling in presence of nitrogen gas [214, 215]. It was demonstrated that 
mechanical energy of ball milling can break the chemical bonds in solid materials and produce 
dangling bonds, which are very active to chemical reactions [165, 213]. Simultaneously, gas 
molecules react with the solid atoms with dangling bonds. Graphite has a layered structure of 
aromatic rings. Numerous strong bonds are broken upon disruption of the layers producing free 
valences along the fresh borders. This would open the way for the formation of carbon 
nanostructures with new functionality. In the previous work [60]. It has been demonstrated that 
a nanoporous carbon structure can be produced in the graphite samples after ball milling at 
ambient temperature. Formation of the nanoporous structure is associated with that of the 
disordered carbon. The disordered and nanoporous structure is probably fullerene-like in 
nature. Subsequently, it has also been showed that annealing of disordered carbon 
nanostructure at 1400 °C produced carbon nanotubes [216].   
In this chapter, it is introduced that ball milling can be used as a green method to synthesise 
nitrogen-doped carbon nanoparticle (NDCP), which can be used as an electrochemical catalyst 
for ORR. The resulting carbon nanoparticles exhibit improved catalytic activity and excellent 
methanol tolerance comparing to a commercial Pt/C catalyst. 
7.2 Experimental 
Nitrogen-doped carbon nanoparticles (NDCP) was prepared by ball milling pristine graphite in 
high-energy rolling ball mill in the presence of nitrogen (300 kPa) at room temperature. In a 
typical experiment, 2g of graphite powders (< 20 micron, synthetic) were placed into a milling 
jar with four stainless steel balls. The sample to ball mass ratio is 1:132. The ball-milling 
process lasted for 24 hours with a rotation speed as 150 rpm. The milled samples were then 
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heated in a horizontal tube furnace (Lindberg) from room temperature to 700 °C, at a rate of 
25 °C/min and then annealed for 3 hours. After that, the sample was cooled to room temperature 
in 16 hours with a cooling rate about 42 °C/hour. N2-15% H2 mixture gas was used as annealing 
atmosphere with a flow rate at 0.05 L/min. 
The samples were characterised using X-ray diffraction (PANalytical X’Pert Pro 
diffractometer) with Cu K-Į radiation (Ȝ= 0.15418nm). The sample morphologies were studied 
using a scanning electron microscope (SEM, Supra 55VPP) at 3 kV and a working distance of 
4.6 mm. Particle size was measured by a dynamic light scattering method (Malvern 
ZETASIZER). 0.5 mg samples were added into 5 ml deionized water to make dispersions. The 
dispersions were ultrasonically treated for 30 mins before the test. 
Ultraviolet-visible (UV-Vis) spectroscopy was used to characterise the dispersive ability of the 
samples in water. The dispersions were made by adding 20 mg of samples to 5 ml deionised 
water. Then, dispersions were ultrasonically treated for 30 min. After that, they were diluted 
by 50 times to make adequately transparent solutions for UV-Vis test.  The scans were from 
200 nm to 800 nm with a scan rate of 600 nm/min and a scan step of 1 nm. Water and a 
completely opaque cell were used as 100% and 0% transmittance standards, respectively, to 
correct the baseline. 
 X-ray photoelectron spectroscopy (XPS) system, (model: SPECS-XPS, from SPECS, 
Germany) was used to analyse the concentrations of elements and binding energies on the 
sample surface.  The XPS system was equipped with a high sensitivity PHOIBOS 150-9 MCD 
energy analyser. An Al K-alpha X-ray source (1486.74 eV) was used for the analysis. 
The catalyst suspension was prepared by sonication (Soniclean 160T, Soniclean Pty Ltd) of the 
sample with tetrahydrofuran (THF, 99.9+%, Sigma-Aldrich) for 1 h, resulting in the ink with 
final concentrations of 5 mg sample/mL. An aliquot of 4 μL of suspension was drop-casted 
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onto a glassy carbon (GC) disk electrode (4 mm diameter, 0.126 cm2 area, rotating ring-disk 
electrode (RRDE) Pt Ring/GC disk electrode, ALS Co., Ltd). The electrode was previously 
polished with 0.05 μm alumina slurry (Buehler) on a clean polishing cloth (Buehler); it was 
sequentially rinsed with distilled water and acetone, and then dried with lint-free tissue paper. 
After slow evaporation of the solvent, 1 μL of Nafion® solution (5 wt.%, Fluka) was drop-
casted on the electrode surface and dried slowly overnight inside a closed beaker to attach the 
catalyst particles onto the glassy carbon disk electrode. Based on the density of Nafion® 
solution of ~ 0.874 g cm-3 and density of Nafion® film of ~ 2.0 g cm-3 [217], an estimated 
Nafion® film thickness of ~ 1.74 μm is obtained.  The thickness of the film is reasonably thin 
to render a negligible O2 transport resistance within the film [218]. 
Voltammetric experiments were performed with a Biologic VMP2/Z multichannel potentiostat. 
Rotating disk electrode (RDE) voltammograms were obtained in a 0.1 M potassium hydroxide 
(KOH) prepared from deionised water and potassium hydroxide pellets (KOH, 99.99%, Sigma-
Aldrich) at a scan rate of 20 mV s-1 in either N2 or O2 (ultrahigh purity grade, BOC) saturated 
atmosphere at room temperature (which corresponds to electrolyte temperature of ~17±1 ºC). 
Voltammograms for the reduction were obtained using a three-electrode arrangement in a 100 
mL glass cell vial utilising RRDE-3A rotating ring/disk electrode apparatus (ALS Co., Ltd, 
Japan). This consisted of a glassy carbon disk electrode (0.126 cm2 area, ALS Co., Ltd, Japan), 
a platinum wire counter electrode and an Ag|AgCl (3M NaCl) reference electrode (RE-1B, 
ALS Co., Ltd, Japan). 
The background capacitive current contribution (obtained from N2 saturated experiment) was 
subtracted from each voltammogram. Three catalyst films were prepared for each sample to 
check the reproducibility of the film quality and performance; the results of those vary within 
the experimental error. The current density values were obtained assuming effective disk 
surface area of 0.1257 cm2 (diameter of 4 mm) for all samples. 
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7.3 Results and discussion 
The preparation of NDCA and its ORR catalytic property is shown in Figure 7.1. Ball-milled 
graphite (C2) is fabricated by milling the commercial graphite (C1) in nitrogen atmosphere. 
Then, C2 is annealed to produce the NDCA (C4) with catalytic property. For comparison 
purpose, C1 is also annealed directly without milling treatment at the same condition to produce 
annealed commercial graphite (C3). SEM image (Figure 7.2) shows a total breakdown of 
graphitic layer structure after ball-milling treatment. Furthermore, XRD patterns (Figure 7.3) 
confirm the crystalline structure break-down from the significant widening of the diffraction 
peaks of graphite [73]. These results imply a wide introduction of dangling bonds and the 
potential to trigger the gas-solid reaction. 
 
Figure 7.1 Fabrication of the nitrogen-doped carbon nanoparticles (NDCA) and its ORR 
catalytic property. 
The high-resolution SEM images show the different morphologies of four samples. Original 
commercial graphite (Figure 7.2a) has a flake-like shape. Annealing does not change this 
morphology, which can be seen from the SEM image of annealed commercial graphite (Figure 
7.2c). However, ball milling has changed the morphology substantially. There is no typical 
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flake-like structure in milled graphite samples (Figure 7.2b). Instead, the milled samples 
contain irregular sphere-like structures with a wide distribution of particle sizes. After 
annealing of the milled graphite, no significant change occurs in morphology (Figure. 7.2d). 
 
 
Figure 7.2 Typical SEM images of a) starting graphite, b) milled graphite, c) heated graphite 
without milling treatment and d) heated graphite after milling treatment. 
 
XRD patterns of the four samples are consistent with the SEM imaging results (Figure 7.3). 
The starting (C1) and heated (C3) graphite samples have similar XRD patterns, showing a most 
intensive peak (002) at ~26.5 degree and some other weak peaks at ~45 degree (100, 101), 55 
degree (004) and 77 degree (110). However, after ball milling, the XRD pattern of C2 shows a 
much broader peak of (002), which suggests a serious damage of graphite inner plane aromatic 
ring structure. Comparing C4 with C2, the FWHM of peaks becomes narrower after annealing; 
indicating that annealing refines the graphitic structure. This structure refinement is expected 
to increase sample's conductivity [219]. 
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Figure 7.3 XRD patterns of the graphite after different treatment. 
XPS is used to characterise the element contents of samples. As expected, in the XPS analysis 
of sample C1, C1s peak (for carbon) was the only intensive peak found with a very small O1s 
peak, corresponding to approximately 2.2% oxygen. After ball milling treatment (sample C2), 
there were approximately 7.5% oxygen and 6.3% nitrogen found.  The high nitrogen content 
in the sample after ball-milling process in nitrogen atmosphere indicates that the milling 
process leads to nitrogen incorporation. The rise of oxygen level in C2 may also support the 
hypothesis that the ball-milling treatment produces a more active surface. Both nitrogen and 
oxygen contents are reduced after annealing (sample C4), approximately 1.0% for nitrogen and 
0.7% for oxygen (sensitivity of the analysis is about 0.1%) (Figure 7.4). This loss of nitrogen 
Chapter 7 A Green mechanochemical approach for synthesis of nitrogen doped carbon nanoparticles
113

and oxygen functional groups is also confirmed by the TGA characterisation (Figure 7.5), 
which shows a 24% weight loss when the sample is annealed to 700 °C. As a comparison, direct 
annealing of C1 in N2/H2 mixture (sample C3) does not introduce detectable nitrogen using 
XPS. The possible mechanism of the ball milling in nitrogen atmosphere  in the synthesis of N 
doped graphite catalyst  is that the mechanical milling process introduces active sites such as 
unpaired bonds during the milling, resulting in nitrogen covalent bonding to the carbon surface 
[211]. 
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Figure 7.4 XPS surveys of C1-C4. 
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Figure 7.5 TGA of the ball-milled graphite (C2) in N2/15%H2 mixture. 
XPS N1s spectra are analysed to characterise the bonding nature of the nitrogen in the catalysts 
since different states of nitrogen result in different catalytic properties [220]. The N1s spectrum 
of sample C2 (Figure 7.6a) can be fitted by 4 components at 398.8eV, 399.7eV, 401.1eV and 
403.6eV, corresponding to nitrogen in pyridinic (N1), pyrrolic (N2), graphitic (N3) and nitric 
oxide (N4) structures [138, 210]. After annealing (Figure 7.6b), three components remain while 
pyrrolic structure (N2) disappears and the relative amount of graphitic structure (N3) increases 
from 43% to 66%, which is calculated by dividing the area of N3 by the total area of all 
components. This phenomenon is consistent with previous research that the graphitic structure 
(N3) has better thermal stability than pyridinic and pyrrolic structures [220].  
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Figure 7.6 High resolution N1s XPS of a) C2 and b) C4. The signal of C2 can be fitted with 4 
components at 398.8, 399.7, 401.1, 403.6 eV, which correspond to pyridinic N (N1), pyrrolic 
N (N2), graphitic N (N3), and nitric oxide (N4), respectively. After annealing, pyrrolic N (N2) 
is disappeared and nitric oxide (N4) peak shifts to 403.1 eV. 
The particle size distribution test is to show how particle size changes after annealing (Figure 
7.7). C2 had an average particle size as 210 nm when in C4, after annealing, the particle size 
becomes 348 nm. This phenomenon might be caused by the agglomeration and the refinement 
of graphitic structure in high temperature annealing [221].  
 
Figure 7.7 Particle size measurement of a) C2 and b) C4.  The average particle size is 210nm 
for C2 and 348nm for C4. 
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Visible-ultra violet (UV-Vis) absorption spectroscopy is used to characterise the dispersive and 
hydrophilic property of samples (Figure 7.8). C1 and C3 cannot form stable dispersion in water. 
However, C2 and C4 can be dispersed in water, as reflected by the presence of UV-Vis 
absorption band of the aromatic system in graphite [222]. This enhanced dispersive ability and 
hydrophilicity is likely to be due to the changed surface property and the decreased average 
particle size during the ball milling [223]. Indeed, the introduction of N and O doping [215] 
has been proved to increase the hydrophilicity. This increased hydrophilicity may be 
responsible for the improved catalytic property by enabling enhanced mass exchange rate and 
the stability of the three-phase zone, which is the zone including the surface of the catalyst, the 
electrolyte right above the surface of the catalyst and the dissolved oxygen molecules in the 
electrolyte. [224, 225]. 
 
Figure 7.8 UV-Vis absorption of the four samples after ultrasonic treatment. C1 and C3 
quickly precipitate after ultrasonic treatment and indicate no Uv-Vis absorption (inset photo: 
C1-C4 from left to right taken after 30 mins of ultrasonication). 
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Figure 7.9 shows ORR in 0.1 M KOH using a thin film of C1, C2, C3 and C4 deposited on the 
rotating disk electrode rotated at 1600 rpm. As a control experiment, Figure 7.10 is obtained at 
the same condition confirming the absence of reduction currents for typical carbons e.g. C2 and 
C4 in the absence of oxygen. The ORR activity is enhanced in the order of C3, C1, C2 and C4. 
The ORR enhancement is evident in both the current onset and density e.g. sample showing 
more positive onset potential value exhibits larger current density. C4, in particular exhibits an 
onset potential value about 0.1 V more negative comparing to Pt/C (60 wt.% C), the standard 
benchmark for ORR in conventional fuel cells; implying the remarkable potential of the 
proposed doping method to synthesise alternative ORR catalysts. However, it also could be 
seen that for all 4 samples tested, there are current plateaus around -0.3 V to -0.45 V (Figure 
7.9). These plateaus suggest that the mechanism of the reaction is not fully 4-electron 
mechanism at this potential window. The improved catalytic performance is due to the doping 
of nitrogen and the breaking of graphite basal plane structure. Nitrogen-doped carbon materials 
have been reported to  have unique ORR catalytic property by previous researches from both 
theoretically and experimentally aspects [10, 38, 41, 131, 220, 226-228], and because basal-
plane aromatic ring structure of graphite is very inert to chemical reaction and electron transfer 
[229-232],  defect and boundary carbon atoms are the real active sites where chemical reactions 
and catalytic processes take places. As demonstrated, ball milling creates a large quantity of 
structural defects and even changes the morphology, which increases the quantity of active 
catalytic sites. However, it is interesting to compare the RDE results of C1, C2 and C4. In fact, 
the catalytic performance does not change much after only ball-milling process. One reason 
may be that the damaged structure leads to reduced conductivity. The reduced conductivity 
leads to more energy consumption when charge transfer occurred in the material, which can 
compensate the energy saving brought by the catalytic process. Another possible reason is that 
although the ball milling causes nitrogen doping, the structure of most of these nitrogen is not 
Chapter 7 A Green mechanochemical approach for synthesis of nitrogen doped carbon nanoparticles
118

catalytically active. XPS uses bonding energy to differentiate different nitrogen doping 
structures. It is possible that there is nitrogen doping or adsorbed nitrogen with no catalytic 
contribution (which has bonding energy within the fitting area) to the extent that the catalytic 
nitrogen doping might be less than the fitting shows (Figure 7.6). After annealing, the catalytic 
property appears strongly even though the nitrogen content is much lower, reduced from 6.3% 
to 1%. Previous research suggests that the nitrogen doping which has catalytic property are 
pyridinic and graphitic nitrogen [220]. However, in this case, XPS shows that the content of 
all kinds of nitrogen doping decreases after annealing. Thus, in this work, the catalytic property 
of the sample is not quantitatively related with the nitrogen content. 
 
Figure 7.9 Rotating disk electrode (RDE) voltammograms of C1-C4 and Pt/C reference at 
1600 rpm in O2 saturated 0.1 M KOH at a scan rate of 20 mV/s. 
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Figure 7.10 RDE voltammograms of C2 and C4 in 0.1 M KOH saturated with N2 or O2 at a 
rotating rate of 1600 rpm. 
To determine the ORR characteristics, the relationship between the current density and the 
rotation rate was examined. The typical ORR current density profile versus rotation rate is 
shown in Figure 7.11 for C4. Figure 7.12 plots the typical inverse of the current density as a 
function of the inverse of the root square of the rotation rate e.g. the Koutecky-Levich plots 
[233, 234]. The slope contains the information of the reaction mechanism, for instance, whether 
the reaction follows four-electron or two-electron pathway. When the solvent and the 
temperature of the experiment are same, the reactions which have the same electron transfer 
number will show the same slope in Koutecky-Levich plots.  The slope seems to vary between 
C3/C1 and C2/Pt/C/C4. Considering the widely established facts that ORR on Pt/C occurs 
through four-electron mechanism whereas conventional carbon through two-electron 
mechanism [233, 235], it is most likely that (within the experimental error), ORRs on C3 and 
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C1 follow two-electron mechanism while ORRs on C2, Pt/C and C4 follow four-electron 
mechanism pathway. The shift of the mechanism from two-electron to four-electron is 
consistent with the ORR activity enhancement trend observed above. Also, the kinetic current 
density (Jk) can be calculated from the y-axis intercept of Koutecky-Levich plots. The Jk 
increases in the order of C3, C1, C2 and C4, same with the order of potential onset increasing. 
The Jk of C3 is 4.2 mA cm-2 and for C4 it is 5.2 mA cm-2, which is approaching to that of Pt 
(7.5 mA cm-2). 
 
Figure 7.11 Rotating disk electrode (RDE) linear sweep voltammograms of C4 in O2 
saturated 0.1 M KOH with different rotation rates at a scan rate of 20 mV/s-1. 
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Figure 7.12 Koutecky-Levich plots derived from RDE voltammograms of different materials. 
For C3 and Pt+C sample, the current at -0.4 V is used to avoid a mass transport controlled 
reaction plateau at -0.5 V. 
In real fuel cells, the organic compounds like methanol at anode would penetrate the membrane 
and reach Pt cathode, which could change the chemical reaction of oxygen reduction to the 
oxidation of those organic compounds [236]. This phenomenon is called the poisoning of 
catalyst. The advantage of carbon-based materials becomes apparent in terms of its methanol 
resistance. The chronoamperometric response is obtained at -0.35 V (Figure 7.13). It was 
discovered that introducing methanol leads to slight deterioration of ORR current for C4. For 
Pt/C, however, methanol oxidation occurs and causes total loss of cathodic current. This 
indicates a much better stability of reaction sites in C4 than Pt/C in alkaline environment, of 
interest for advanced fuel cells.  
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Figure 7.13 Chronoamperometric responses of C4 and Pt/C at -0.35 V in O2 saturated 0.1 M 
KOH without and with methanol at a rotating rate of 1600rpm. 
7.4 Conclusions 
High performance ORR electrocatalysts can be synthesised based on nitrogen-doped carbon 
nanoparticles by ball milling and annealing processes. The nitrogen-doped carbon 
nanostructures exhibit a high activity, excellent tolerance to methanol in comparison to other 
non-precious metal catalysts. The synthesis strategy demonstrated here exploits novel carbon-
based structures, and represents a general approach to the fabrication of efficient 
electrocatalysts for a range of electrochemical reactions. This strategy is low-cost and easy to 
scale up, so it provides a feasible synthesis method for the large-scale practical electrocatalysts.
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Chapter 8 Direct observation of active sites for 
oxygen reduction reaction on nitrogen-doped 
graphene 
 
8.1 Introduction 
Fuel cells are a promising sustainable and renewable energy source. The practical use of fuel 
cells highly depends on the development of suitable catalysts for oxygen reduction reaction 
(ORR). Nitrogen-doped graphene is a potential carbon-based ORR catalyst of low cost, high 
stability and high efficiency [10, 38, 48, 210]. In spite of extensive studies, the exact catalytic 
mechanism of nitrogen-doped graphene is still under debate. A fundamental disagreement lies 
in how nitrogen contributes to the catalysis. To answer the question, the key is to determine the 
contribution of three nitrogen doping configurations, namely pyridinic, graphitic and pyrrolic, 
to the catalytic performance, which is still inconclusive. Some studies support that pyridinic 
nitrogen is catalytically active [33, 41, 137, 140, 141, 237]; while others suggest graphitic 
nitrogen is effective [139, 143, 145, 238-241]. There are also claims that both pyridinic and 
graphitic nitrogen contribute to the catalytic property but with different roles [242, 243]. To 
date all the experimental determinations of the active sites in nitrogen-doped graphene are 
indirect. The controversial results from the previous experiments suggest that there is a need to 
develop a method that is able to observe the active sites and elucidate the catalytic mechanism. 
It has been demonstrated before that intermediates of a catalytic reaction could be ex situ 
detected on the surface of the catalyst, e.g. using X-ray photoelectron spectroscopy (XPS) [125, 
207]. In this chapter, it is reported that chemically adsorbed oxygen reduction intermediates 
are found on the nitrogen-doped multilayer graphene after ORR. This not only implies that 
nitrogen close to carbon in nitrogen-doped graphene is involved in the catalysis of ORR process 
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and, more importantly, can be used to observe the active nitrogen sites and pinpoint the ORR 
pathway.  
8.2 Experimental 
The graphene oxide (GO) was prepared from graphite flakes (Sigma, 325 mesh) using a slightly 
modified Hummers’ method [244, 245]. The GO powder was collected by lyophilisation. Three 
types of N-graphene were synthesised via different nitrogen sources and incorporation methods. 
For G-NH3·H2O, the initial GO solution (~1 mg/mL) was mixed with 5 mL 25% NH3·H2O, 
then the mixture was stirred and heated at 90 °C for 12 h to complete nitrogen incorporation. 
Resultant solution was then washed by water to remove base and lyophilised to get the final 
product in a dry powder form. G-NH3 was prepared by annealing GO powder in 20% NH3/Ar 
at 600 °C for 5 h. G-C3N4 was prepared by mixing initial GO with melamine at a mass ratio of 
1:10 and the mixture was annealed in Ar to 950 °C for 3 h.  
All electrochemical measurements were performed under identical conditions (the same 
catalyst mass loading). Taking G-NH3·H2O electrode as an example, the catalyst was first 
ultrasonically dispersed in distilled water (Milli-Q). Aqueous catalyst solution dispersion of 20 
μL (2.0 mg/mL, with 0.5 wt% Nafion® solution) was then transferred onto the glassy carbon 
electrode (GC, 0.196 cm2, Pine Research Instrumentation, USA) via a controlled drop casting 
approach then dried in air for 12 h served as a working electrode. The reference electrode was 
an Ag|AgCl in saturated AgCl-KCl solution and the counter electrode was platinum wire. A 
flow of O2 was maintained over the electrolyte (0.1 M KOH) during the recording of 
electrochemical measurements in order to ensure its continued O2 saturation. Cyclic 
voltammograms (CVs), linear sweep voltammograms (LSVs) and rotating disk electrode (RDE) 
tests were carried out using a glassy carbon rotating disk electrode. The scan rate of CVs was 
kept at 100 mV/s while that for LSVs and RDE tests was 10 mV/s. The data were recorded 
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using a CHI 760D potentiostat (CH Instruments Inc., USA). Electrochemical impedance 
spectroscopy of the three nitrogen-doped graphene samples in 0.1 M KOH; data were collected 
using electrodes under electrode potential = –0.5 V vs Ag/AgCl.  
The samples used for XPS were prepared in the same way described above, which were 
dispersed in distilled water and then drop-casted on the electrode. They were then under 
continuous CV scan for 200 cycles from +0.2 V to –1.0 V (vs. Ag|AgCl), in which only 
reduction of oxygen occurs and no electrolysis of water happens. The samples were removed 
and collected from the electrode by ultrasonication after the reaction. The resultant samples 
were washed by Milli-Q water and separated for three times by centrifuge at 14,800 rpm to 
remove alkaline electrolyte. The samples were drop-casted on the gold plate for XPS. No 
potassium hydroxide (KOH) is detectable by XPS. The XPS analyses were conducted in an 
ultrahigh vacuum chamber (~10–10 mbar) of the undulator soft x-ray spectroscopy beamline at 
the Australian Synchrotron, Victoria, Australia. The photoelectrons were collected by a high-
resolution and high-sensitivity hemispherical electron analyser with nine channel electron 
multipliers (SPECS Phoibos 150). In the scans, the excitation energy was 700 eV for better 
signal-to-noise ratio and the E-pass was set to 5 eV for optimum energy resolution. To evaluate 
the signal contribution from Nafion and gold plate, the XPS spectra of pure Nafion and a clean 
gold plate were also recorded. It is found that for all samples, the N and C contributions from 
the Au plate are negligible (less than 5% and 1%, respectively). The excitation photon energies 
were calibrated by the photon energy measured on a reference Au sample and the binding 
energies were collated by the C–C peak at 284.6 eV. 
The measured C 1s XPS spectrum of G-NH3·H2O after ORR was partially contributed by 
Nafion residues. The removal of Nafion’s contribution from the XPS spectra is described below. 
Pure Nafion shows three intensive peaks at around 291, 293 and 295 eV, standing for carbon 
fluoride backbone of Nafion. After comparing the C 1s spectrum of the G-NH3·H2O after ORR 
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and pure Nafion, Nafion’s contribution is determined mainly at the high energy side of the C 
1s spectrum of the G-NH3·H2O, i.e. around 291, 293 and 295 eV. The three Nafion peaks at 
around 284.6, 288.1 and 297.5 eV are found to be either too weak to affect the fitting or out of 
the scan range, which therefore are not introduced in the fitting. In the fitting, the area ratio and 
bonding energy difference among the Nafion peaks were set to be same as those in the pure 
Nafion. Different carbon peaks in nitrogen-doped graphene were then introduced to fit the data. 
The C 1s XPS spectrum after ORR can be obtained by subtracting the Nafion’s contribution 
and then least-square fitted. 
1H solid-state NMR was conducted on G-NH3·H2O after ORR and vacuum drying at 65 °C for 
24 hours. Because only a small amount of sample could be collected after ORR, it is found that 
background signals contribute significantly to the 1H NMR spectrum. The 1H NMR spectrum 
after background subtraction is shown in Figure 8.6.  
Transmission infrared spectra were collected using a Bruker Vertex 70 infrared spectrometer. 
The multilayer graphene samples before and after ORR were vacuum dried at 65 °C and then 
mixed with FTIR grade KBr (Sigma-Aldrich), ground and pressed to make pellets. During the 
experiment, the pure KBr was used as a reference. Total 32 scans were collected for both the 
reference and the samples. The reference spectrum was then subtracted from the sample 
spectrum to reduce the interference from the atmosphere and the equipment. The resolution 
was 4 cm-1 and the scan range is from 600 to 4000 cm-1. 
 
8.3 Results and discussion 
Three multilayer graphene samples were prepared from graphene oxide using different nitrogen 
sources and doping methods for different nitrogen doping configurations and concentrations: 
treatment by ammonium hydroxide, heating under ammonia (NH3) gas and reaction with 
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melamine. For simplicity, the three samples are named G-NH3·H2O, G-NH3 and G-C3N4, 
corresponding to the nitrogen doping methods. Typical transmission electron microscopy 
(TEM) images of the nitrogen-doped multilayer graphene nanosheets, which are a few 
nanometer thick are shown in Figure 8.1.  
 
Figure 8.1 TEM images of G-NH3·H2O, G-C3N4 and G-NH3 nitrogen-doped multilayer 
graphene samples. 
Synchrotron-based XPS of high resolution and high sensitivity was used to investigate the 
chemical composition change in the three nitrogen-doped multilayer graphene samples before 
and after ORR. Before ORR, the nitrogen contents in G-NH3·H2O, G-C3N4 and G-NH3 are 
6.0%, 5.7% and 6.8%, respectively. The least-square fittings of the XPS spectra in the nitrogen 
1s region before ORR are displayed in Figure 8.2 (upper row). It can be seen that G-NH3·H2O 
and G-NH3 samples have relatively higher contents of pyrrolic nitrogen at 399.8 eV (red), 
slightly less pyridinic nitrogen at 398.5  eV (blue), and much less graphitic nitrogen at 401.2 
eV (purple). G-C3N4, on the other hand, contains more pyridinic nitrogen and less but 
comparable amounts of pyrrolic and graphitic nitrogen. After ORR, the three samples show 
different changes of pyridinic, pyrrolic and graphitic nitrogen contents (lower row in Figure 
8.2). For G-NH3·H2O, the pyridinic nitrogen peak decreases while the “pyrrolic” peak increases 
(the reason to use parenthesis here will be explained later); for G-C3N4, the graphitic content 
increases and the pyridinic and “pyrrolic” contents are steady; G-NH3 shows a depressed 
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“pyrrolic” peak. As shown below, these changes correspond to very different catalytic 
behaviors and functions of the different nitrogen configurations during the ORR process.  
 
Figure 8.2 Nitrogen 1s XPS spectra of the three multilayer graphene samples before and 
after ORR. The least-square fitted peaks are pyridinic nitrogen at 398.5 eV (blue), “pyrrolic” 
nitrogen at 399.8 eV (red), graphitic nitrogen at 401.2 eV (purple) and nitrogen oxide at 403 
eV (green). 
The observed nitrogen content change cannot be attributed solely to nitrogen loss. Nitrogen 
may be lost via a nitrogen oxidation process during ORR, which could change the contents of 
the different nitrogen configurations. Generally, pyrrolic nitrogen is less stable than pyridinic 
and graphitic nitrogen and more prone to the oxidation and loss during ORR process [138, 246]. 
In other words, the pyrrolic nitrogen peak should relatively decrease after ORR. However, G-
NH3·H2O shows the opposite trend with an increased “pyrrolic” peak after ORR.  
For clues to the reason for the relative change of the nitrogen contents, we can turn to the carbon 
and oxygen XPS results. Both the oxygen and carbon 1s XPS spectra reveal that the content of 
–OH, one of the intermediate products of ORR, increases after ORR. Figure 8.3 compares the 
oxygen 1s XPS spectra of G-NH3·H2O before and after ORR. It can be seen that after ORR the 
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C(aliphatic)–OH/C(aliphatic)–O–C(aliphatic) peak at 532.0 eV (red) relatively decreases in 
intensity and the C(aromatic)–OH at 533.3 eV (blue) increases in intensity [247, 248]. This 
suggests that compared to the other oxygen-containing groups, the relative content of –OH 
group attached to aromatic carbon rises after ORR. The carbon 1s XPS spectra also show that 
the C–OH peak at 285.4 eV [247] (purple) dramatically strengthens in G-NH3·H2O after ORR 
(Figure 8.4). The increased content of –OH after ORR has also been confirmed by Fourier 
transform infrared spectroscopy (FTIR) [205, 206]: the characteristic –OH peak centred at 
~3440 cm-1 is much stronger for the sample after ORR, as shown in Figure 8.5. Besides, solid-
state nuclear magnetic resonance (NMR) spectroscopy shows that most of hydrogen is in the 
form of C–OH in G-NH3·H2O after ORR (Figure 8.6) [208, 249]. The spectrum shows a 
relatively strong peak at about 1 ppm which represents –OH groups and a weaker peak at about 
8 ppm which should be hydrogen attached to aromatic carbon in graphene. This confirms that 
most of the hydrogen is in the form of C–OH on G-NH3·H2O. 
 
 
Figure 8.3 Oxygen 1s XPS spectra of G-NH3·H2O a) before and b) after ORR. The fitted 
peaks are C=O at 530.8 eV (green), C(aliphatic)–OH/C(aliphatic)–O–C(aliphatic) at 532.0 
eV (red), C(aromatic)–OH at 533.3 eV (blue) and chemisorbed water molecules at 535.7 eV 
(purple). 
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Figure 8.4 Carbon 1s XPS spectra of G-NH3·H2O a) before and b) after ORR. The fitted 
peaks are C–C/C=C at 284.6 eV (blue), C–OH at 285.4 eV (purple), C–O–C at 286.5 eV 
(cyan), C=O at 288.1 eV (green) and –COOH at 290.8 eV (red).  
 
 
Figure 8.5 FTIR spectra of G-NH3·H2O before (blue) and after (red) ORR. The O–H signal is 
not due to water. 
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Figure 8.6 1H solid-state NMR spectrum of G-NH3·H2O after ORR and vacuum drying. 
The changes of the nitrogen 1s XPS profile in Figure 8.2a and b therefore could be caused by 
the chemical environment change of the doped nitrogen during ORR, i.e. the attachment of –
OH to the carbon atoms bond to the nitrogen. It has been reported that the attachment of –OH 
to pyridone can cause an upshift of the nitrogen binding energy from 398.8 to 400.2 eV [138, 
250, 251]. Similarly, when an –OH attaches to the carbon neighboring pyridinic nitrogen in 
graphene, the nitrogen binding energy should shift upwards to an energy very close to the 399.8 
eV position of the pyrrolic peak. Therefore, the observed intensity decrease of the pyridinic 
peak and intensity increase of  the “pyrrolic” peak in G-NH3·H2O after ORR could be caused 
by the change of the pristine pyridinic nitrogen to the pyridinic nitrogen with a neighboring 
carbon attached to –OH, as illustrated in Figure 8.7. In other words, the increase of the “pyrrolic” 
nitrogen after ORR in XPS is not caused by the increase of pyrrolic content, but the increased 
content of the –OH attached pyridinic nitrogen which has a very similar XPS peak position to 
the pyrrolic nitrogen. The existence of the –OH attached pyridinic nitrogen is also supported 
by the increased full width at half maximum (FWHM) of the least-square fitted “pyrrolic” peak 
at 399.8 eV from 1.61 eV before ORR to 1.71 eV after ORR, suggesting the existence of the –
OH attached pyridinic nitrogen peak in the region. The unchanged and decreased intensities of 
the 399.8 eV peak in G-C3N4 and G-NH3 suggest that much less –OH attachments are formed 
to the carbon atoms neighboring pyridinic nitrogen in the two graphene samples and pyrrolic 
nitrogen is slightly lost during ORR. 
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Figure 8.7 A diagram of the chemical structure of –OH attached to the carbon neighbouring 
pyridinic nitrogen, leading to a bonding energy upshift of the pyridinic nitrogen. 
Intriguingly, G-NH3·H2O which experiences the highest increase of the –OH attachment to 
pyridinic nitrogen after ORR shows the best catalytic performance; G-C3N4 and G-NH3 which 
have no increase or even decrease in the 399.8 eV peak after ORR show much worse ORR 
properties. The ORR catalytic performances of the three samples in alkaline electrolyte are 
tested by RDE voltammetry (Figure 8.8) and summarised in Figure 8.9. For G-NH3·H2O, the 
onset potential of ORR is about –0.13 V and the electron transfer number is 3.75 with a 
dynamic limiting current (Jk) of about 15 mAcm-2 at 0.6 V vs Ag|AgCl. Both G-C3N4 and G-
NH3 show more negative onset potentials, lower electron transfer numbers and Jk. The 
correlation between the increased content of the –OH attached pyridinic nitrogen and the ORR 
performance can be used to determine the active sites for ORR on nitrogen-doped graphene. 
 
 
Figure 8.8 RDE tests of three nitrogen-doped graphene samples. 
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Figure 8.9. The catalytic performance of the three nitrogen-doped multilayer graphene 
samples (Jk and electron transfer number are calculated at –0.6 V vs Ag|AgCl). The electron 
transfer number and the kinetic limiting current are determined from slopes of Koutecky-
Levich plots. 
In the commonly accepted four-electron associative ORR mechanism of nitrogen-doped 
graphene in alkaline solution, intermediate OH(ads) is formed from O(ads) with the addition 
of H2O and one electron [142, 210]. It is predicted that the OH(ads) is attached to the catalytic 
core or active site via a chemical bond [136, 137, 142]. Therefore, the ORR active sites can be 
determined from the presence of intermediate OH(ads). Our observation of the –OH attached 
pyridinic nitrogen after the electrochemical reaction suggests that pyridinic nitrogen plays an 
important role in the ORR process and the nearby carbon should be the main active sites, in a 
good agreement with some of the previous theoretical calculations and experimental studies 
[33, 41, 137, 140, 141, 237, 252, 253]. According to these studies, the neighbour carbon atoms 
of pyridinic nitrogen have favoured atomic charges that can induce the ORR process: the 
absorption of the intermediate products, the formation of C–O bond and the disassociation of 
O–O bond [136, 137]. The carbon bond to graphitic nitrogen should not be the main active site 
in the three tested samples, because the content change of graphitic nitrogen before and after 
ORR is much less significant and therefore presents no strong relation with the catalytic 
performance. 
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Another very interesting point from this study is that the dominant type of nitrogen doping 
configuration may not necessarily correlate with the ORR performance of nitrogen-doped 
graphene. Before ORR, G-NH3·H2O and G-NH3 have similar contents of nitrogen and oxygen 
(about 13% in G-NH3·H2O and 14% in G-NH3). The contents of pyridinic, pyrrolic and 
graphitic nitrogen in the two samples are similar too (Figure 8.2a and e). In addition, the three 
samples show similar electrochemical impedance values, indicating their similar electrical 
conductivity (Figure 8.10). The electrochemical impedance tests also imply comparable 
wettability of the three samples, consistent to their capability to be dispersed in water. However, 
the two samples show dramatically different catalytic properties (Figure 8.9). This clearly 
shows that the pyridinic or graphitic nitrogen content before ORR cannot be used to predict or 
explain ORR performance. This also raises a question: why do the two samples with similar 
pyridinic contents show dramatically different ORR performance if the pyridinic sites are the 
main catalytic active sites? One assumption is that pyridinic nitrogen in graphene may have 
different ORR properties. It has been demonstrated by theoretical calculations that the 
microstructure of nitrogen dopings, for instance, the location of the doping, and the graphene 
edge type (zigzag or armchair) could lead to different ORR activities [143, 144, 146]. Our 
oxygen 1s XPS spectra in Figure 8.3 show that the –OH is mainly attached to aromatic carbon 
rather than aliphatic carbon in the ORR, suggesting that the pyridinic nitrogen on the edge 
should be more likely to involve in the catalytic process and the previous proposition that the 
nitrogen doping microstructure is vital for ORR activity is reasonable. Although the total 
amounts of pyridinic nitrogen are similar in G-NH3·H2O and G-NH3, the pyridinic nitrogen in 
the two samples have different fine structures (e.g. on the edge or not) and different ORR 
activities due to the different nitrogen doping methods used. In contrast, the examination of 
nitrogen-doped graphene after ORR can reveal the active sites via the appearance of oxygen 
reduction intermediate, i.e. OH(ads). 
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Figure 8.10 Electrochemical impedance spectroscopy of the three nitrogen-doped graphene 
samples in 0.1 M KOH, with an equivalent circuit diagram shown as inset; data were 
collected using electrodes under electrode potential = –0.5 V vs Ag/AgCl. 
8.4 Conclusions 
In summary, the examination of chemical composition change of nitrogen-doped multilayer 
graphene before and after ORR can be used to detect the chemically attached ORR intermediate 
i.e. OH(ads) and determine the catalytic active sites. The good correlation between the amounts 
of the OH(ads) attachment and the ORR performances from the three nitrogen-doped 
multilayer graphene samples suggests that the carbon atom neighboring pyridinic nitrogen 
plays an important role in the ORR process and should be the main active sites in the tested 
samples. This study also implies that the location of pyridinic nitrogen can affect its catalytic 
efficiency. 
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Chapter 9 Conclusions and Future work 
9.1 Summary 
The disordering and phase transformation of graphite was created using the ball-milling 
process and carefully revealed by Raman spectroscopy. The ratio of two main bands (D and 
G), ID/IG, increases in the first 15 h of ball milling and then gradually reduces until 40 h. The 
longer milling does not significantly change the ratio. In the 15 h ball milling, the ball milling 
breaks the graphite and creates defects that activate the D band. After 15 h ball milling, the 
grain size of the sample is significantly reduced and further ball milling cannot cut these 
samples further. The impact, however, can still induce the phase transition of the sample, but 
instead of cutting the sample, it begins to distort the graphitic planes. The distortion of the 
graphitic plane causes the rapid broadening of the G and D bands in Raman spectroscopy and 
the reduced ID/IG. Since the nano-sized graphitic planes are wrapped and packed into clusters 
in the distortion, the total surface area decreases. Further ball milling does not significantly 
change the sample structure and morphology. Since the D band is still intense compared to the 
G band in all the samples, it implies that the ball-milling condition used cannot break all 
aromatic rings. It only leads to an equilibrium state of disordering and ordering by destroying 
and forming clusters at the nanometre scale. 
Further research found that the ball milling in different atmosphere can cause entirely different 
results. Ball milling of graphite, BN and MoS2 in Ar gas can destroy the structure of the milled 
samples within a short period time, but not in NH3 gas. Principally, NH3 significantly protects 
the in-plane structure of graphite and BN and leads to nanoflakes, rather than a semi-amorphous 
structure. MoS2 can also be protected, but not as significantly as the other two materials. The 
NH3 reduces the rotation disordering of the nano-crystal of MoS2. Furthermore, this protective 
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effect is not restricted to NH3. C2H4 and CH4 are also demonstrated to protect the milled 
material. Further investigation suggests that the nature of the protection is the lubrication effect 
provided by the surface adsorbed gas molecules. This finding can lead to a better understanding 
of the lubrication effect of the popular solid lubricants (graphite, BN, MoS2). This effect can 
also be utilised in fabricating multilayer 2-D materials with controlled in-planar structures. 
Enhanced reversible lithium storage in graphitic materials was found with ball-milled graphite 
with different structures. The capacity enhancement was caused by the distorted graphitic 
structures. Electrochemical characterisation shows that the increased lithium storage happens 
above the intercalation/de-intercalation voltage and this mechanism has some characteristic 
feature of the capacitor. This capacitor-like storage increases with the distortion of the graphitic 
structure. On the other hand, the intercalation/de-intercalation capacity is found to reduce with 
the distortion of the structure.  
Nitrogen-doped carbon nanoparticles are fabricated by ball milling, which can catalyse ORR 
after a structure refinement. Ball milling for 20 h dopes the graphite with about 8% nitrogen. 
One drawback is that same with most of the other methods in producing nitrogen-doped 
graphitic materials; ball milling cannot control the doping structures. Pyridinic, pyrrolic and 
graphitic nitrogen were all found in the doped samples. The doped samples showed more 
electron transfer number than CG, but it does not show a more positive reaction onset. It was 
found that ball-milled samples had very poor graphitic structure, which leads to a high 
resistance of the catalyst. After the structure is refined by annealing, the sample shows a much 
more positive onset and higher current density than the starting material. 
Moreover, the mechanism of the catalysis process on nitrogen-doped graphene is studied by 
Synchrotron based XPS. It was found that after catalysing ORR, the samples showed that the 
XPS spectra of the doped nitrogen changed. This change may be caused by the formation of 
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the pyrrolidine structure. This phenomenon is further linked with the catalytic performance of 
three samples with different structures and the results suggest that pyridine nitrogen is the most 
active nitrogen structure in catalysing ORR. The intermediates of the reaction can form 
chemical bonds with the neighbouring carbon of the pyridine nitrogen. 
 
9.2 Future work 
Ball milling is demonstrated to produce disordered graphitic nanoclusters. The Raman 
spectroscopy, however, confirms the existence of aromatic rings in the products. This means 
that ball milling can be further studied and developed in producing graphitic nanomaterials 
using a top-down strategy. For example, recently graphitic quantum dots have been suggested 
to have very interesting properties, but a large-scale synthesis strategy is still absent. Ball 
milling is demonstrated in Chapter 4 that produces the nanocluster smaller than 50 nm. This, 
therefore, may be a potential way to fabricate 2-D or 3-D nano quantum dots in large quantities. 
On the other hand, the mechanism of the ball milling should be studied further. In this 
experiment, the energy of the ball milling was not high enough to break all the aromatic ring 
system and form chain-like carbon. It is a very interesting topic to investigate whether a high-
energy ball milling could provide enough energy to change the graphitic carbon into chain 
carbon, which is a 1-D material and could have very unique properties. The lubrication of the 
atmosphere should be further investigated to determine whether this phenomenon also exists 
when the material has no lamella structure. It would be very interesting to investigate, instead 
of the mechanical property, whether this adsorbed molecule can change other properties of the 
material. It was demonstrated that with a proper atmosphere, ball milling is a good tool to 
fabricate 2-D materials in large quantities. More work should be done to optimise the 
conditions, for example, the pressure of the atmosphere and the type of ball milling, for 
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producing the material with a better-controlled structure. Ball milling is demonstrated to be an 
efficient method to trigger chemical reactions between carbon and nitrogen. How to precisely 
control the chemical reaction and the chemical composition of the products is a very exciting 
topic. Almost all the current synthesis methods have difficulties to synthesise the nitrogen-
doped carbonaceous materials with only one kind of nitrogen doping. If it is achievable, it could 
lead to great advancements in the mechano-chemical theory, as well as technological 
breakthroughs, since ball milling has been widely used in industry already. The mechanism of 
ORR on nitrogen-doped graphene still needs further investigation, since the current 
understanding is still not detailed enough to answer the question of how to further improve the 
performance, or whether it could eventually surpass the metal catalysts and be used in real-
world applications. 
  
References
140

References 
[1] Li H, He X, Kang Z, Huang H, Liu Y, Liu J, Lian S, Tsang CHA, Yang X, Lee ST. Water-soluble 
fluorescent carbon quantum dots and photocatalyst design. Angewandte Chemie International Edition. 
2010;49(26):4430-4. 
[2] Iijima S, Ichihashi T. Single-shell carbon nanotubes of 1-nm diameter. Nature. 1993;363:603-05. 
[3] Novoselov K, Geim AK, Morozov S, Jiang D, Katsnelson M, Grigorieva I, Dubonos S, Firsov A. 
Two-dimensional gas of massless Dirac fermions in graphene. Nature. 2005;438(7065):197-200. 
[4] Cousins C, Heggie M. Elasticity of carbon allotropes. III. Hexagonal graphite: Review of data, 
previous calculations, and a fit to a modified anharmonic Keating model. Physical Review B. 
2003;67(2):024109. 
[5] Cousins C. Elasticity of carbon allotropes. I. Optimization, and subsequent modification, of an 
anharmonic Keating model for cubic diamond. Physical Review B. 2003;67(2):024107. 
[6] Pierson HO. Handbook of carbon, graphite, diamonds and fullerenes: processing, properties and 
applications: William Andrew; 1994. 
[7] Zhang Z, Chang K, Peeters F. Tuning of energy levels and optical properties of graphene quantum 
dots. Physical Review B. 2008;77(23):235411. 
[8] Matsumura Y, Wang S, Mondori J. Interactions between disordered carbon and lithium in lithium 
ion rechargeable batteries. Carbon. 1995;33(10):1457-62. 
[9] Yoo E, Kim J, Hosono E, Zhou H-s, Kudo T, Honma I. Large reversible Li storage of graphene 
nanosheet families for use in rechargeable lithium ion batteries. Nano Letters. 2008;8(8):2277-82. 
[10] Gong K, Du F, Xia Z, Durstock M, Dai L. Nitrogen-doped carbon nanotube arrays with high 
electrocatalytic activity for oxygen reduction. Science. 2009;323(5915):760-4. 
[11] Bowman AK, Garnsey P, Rathbone D. The Cambridge ancient history: Cambridge University 
Press; 2000. 
[12] Primak W, Fuchs L. Electrical conductivities of natural graphite crystals. Physical Review. 
1954;95(1):22. 
References
141

[13] Painter G, Ellis D. Electronic band structure and optical properties of graphite from a variational 
approach. Physical Review B. 1970;1(12):4747. 
[14] Kinchin G. The electrical properties of graphite. Proceedings of the Royal Society of London Series 
A Mathematical and Physical Sciences. 1953;217(1128):9-26. 
[15] Kieser J. On the electronic structure of graphite. Zeitschrift für Physik B Condensed Matter. 
1977;26(1):1-10. 
[16] Iijima S. Helical microtubules of graphitic carbon. Nature. 1991;354(6348):56-8. 
[17] Andrews R, Jacques D, Qian D, Rantell T. Multiwall carbon nanotubes: synthesis and application. 
Accounts of Chemical Research. 2002;35(12):1008-17. 
[18] Bessel CA, Laubernds K, Rodriguez NM, Baker RTK. Graphite nanofibers as an electrode for fuel 
cell applications. The Journal of Physical Chemistry B. 2001;105(6):1115-8. 
[19] Novoselov KS, Geim AK, Morozov S, Jiang D, Zhang Y, Dubonos S, Grigorieva I, Firsov A. 
Electric field effect in atomically thin carbon films. Science. 2004;306(5696):666-9. 
[20] Peierls RE. Quelques proprietes typiques des corpses solides. Annales de l'Institut Henri Poincaré. 
1935;5:177-222. 
[21] Venables J, Spiller G, Hanbucken M. Nucleation and growth of thin films. Reports on Progress in 
Physics. 1984;47(4):399. 
[22] DiVincenzo D, Mele E. Self-consistent effective-mass theory for intralayer screening in graphite 
intercalation compounds. Physical Review B. 1984;29(4):1685. 
[23] Avouris P. Graphene: Electronic and photonic properties and devices. Nano Letters. 
2010;10(11):4285-94. 
[24] Schwierz F. Graphene transistors. Nature Nanotechnology. 2010;5(7):487-96. 
[25] Pumera M. Graphene-based nanomaterials for energy storage. Energy & Environmental Science. 
2011;4(3):668-74. 
[26] Xue T, Jiang S, Qu Y, Su Q, Cheng R, Dubin S, Chiu C-Y, Kaner R, Huang Y, Duan X. Graphene-
supported hemin as a highly active biomimetic oxidation catalyst. Angewandte Chemie International 
Edition. 2012;124(16):3888-91. 
References
142

[27] Yoshio M, Wang H, Fukuda K, Hara Y, Adachi Y. Effect of carbon coating on electrochemical 
performance of treated natural graphite as lithium-ion battery anode material. Journal of The 
Electrochemical Society. 2000;147(4):1245-50. 
[28] Peled E, Menachem C, Bar-Tow D, Melman A. Improved graphite anode for lithium-ion batteries 
chemically bonded solid electrolyte interface and nanochannel formation. Journal of The 
Electrochemical Society. 1996;143(1):L4-L7. 
[29] Lee H, Yoon SW, Kim EJ, Park J. In-situ growth of copper sulfide nanocrystals on multiwalled 
carbon nanotubes and their application as novel solar cell and amperometric glucose sensor materials. 
Nano Letters. 2007;7(3):778-84. 
[30] Imoto K, Takahashi K, Yamaguchi T, Komura T, Nakamura J-i, Murata K. High-performance 
carbon counter electrode for dye-sensitized solar cells. Solar Energy Materials and Solar Cells. 
2003;79(4):459-69. 
[31] Kongkanand A, Martínez Domínguez R, Kamat PV. Single wall carbon nanotube scaffolds for 
photoelectrochemical solar cells. Capture and transport of photogenerated electrons. Nano Letters. 
2007;7(3):676-80. 
[32] Pasquier AD, Unalan HE, Kanwal A, Miller S, Chhowalla M. Conducting and transparent single-
wall carbon nanotube electrodes for polymer-fullerene solar cells. Applied Physics Letters. 
2005;87(20):203511--3. 
[33] Qu L, Liu Y, Baek J-B, Dai L. Nitrogen-doped graphene as efficient metal-free electrocatalyst for 
oxygen reduction in fuel cells. ACS nano. 2010;4(3):1321-6. 
[34] Liu R, Wu D, Feng X, Müllen K. Nitrogen-doped ordered mesoporous graphitic arrays with high 
electrocatalytic activity for oxygen reduction. Angewandte Chemie. 2010;122(14):2619-23. 
[35] Yang S, Feng X, Wang X, Müllen K. Graphene-based carbon nitride nanosheets as efficient metal-
free electrocatalysts for oxygen reduction reactions. Angewandte Chemie International Edition. 
2011;50(23):5339-43. 
[36] Yang L, Jiang S, Zhao Y, Zhu L, Chen S, Wang X, Wu Q, Ma J, Ma Y, Hu Z. Boron-doped carbon 
nanotubes as metal-free electrocatalysts for the oxygen reduction reaction. Angewandte Chemie 
International Edition. 2011;123(31):7270-3. 
References
143

[37] Yang Z, Yao Z, Li G, Fang G, Nie H, Liu Z, Zhou X, Chen Xa, Huang S. Sulfur-doped graphene 
as an efficient metal-free cathode catalyst for oxygen reduction. Acs Nano. 2011;6(1):205-11. 
[38] Liang J, Zheng Y, Chen J, Liu J, Hulicova-Jurcakova D, Jaroniec M, Qiao SZ. Facile oxygen 
reduction on a three-dimensionally ordered macroporous graphitic C3N4/carbon composite 
electrocatalyst. Angewandte Chemie International Edition. 2012;51(16):3892-6. 
[39] Zheng Y, Jiao Y, Chen J, Liu J, Liang J, Du A, Zhang W, Zhu Z, Smith SC, Jaroniec M. 
Nanoporous graphitic-C3N4@ carbon metal-free electrocatalysts for highly efficient oxygen reduction. 
Journal of the American Chemical Society. 2011;133(50):20116-9. 
[40] Zheng Y, Liu J, Liang J, Jaroniec M, Qiao SZ. Graphitic carbon nitride materials: controllable 
synthesis and applications in fuel cells and photocatalysis. Energy & Environmental Science. 
2012;5(5):6717-31. 
[41] Liang J, Jiao Y, Jaroniec M, Qiao SZ. Sulfur and nitrogen dual-doped mesoporous graphene 
electrocatalyst for oxygen reduction with synergistically enhanced performance. Angewandte Chemie 
International Edition. 2012;51(46):11496-500. 
[42] Zheng Y, Jiao Y, Ge L, Jaroniec M, Qiao SZ. Two-step boron and nitrogen doping in graphene for 
enhanced synergistic catalysis. Angewandte Chemie. 2013;125(11):3192-8. 
[43] Sen S, Ram ML, Roy S, Sarkar BK. The structural transformation of anatase TiO2 by high-energy 
vibrational ball milling. Journal of Materials Research. 1999;14(03):841-8. 
[44] Kano J, Saito F. Correlation of powder characteristics of talc during planetary ball milling with the 
impact energy of the balls simulated by the particle element method. Powder Technology. 
1998;98(2):166-70. 
[45] Chen H, Chen Y, Liu Y, Fu L, Huang C, Llewellyn D. Over 1.0 mm-long boron nitride nanotubes. 
Chemical Physics Letters. 2008;463(1):130-3. 
[46] Pierard N, Fonseca A, Colomer J-F, Bossuot C, Benoit J-M, Van Tendeloo G, Pirard J-P, Nagy J. 
Ball milling effect on the structure of single-wall carbon nanotubes. Carbon. 2004;42(8):1691-7. 
[47] Jeon I-Y, Shin Y-R, Sohn G-J, Choi H-J, Bae S-Y, Mahmood J, Jung S-M, Seo J-M, Kim M-J, 
Chang DW. Edge-carboxylated graphene nanosheets via ball milling. Proceedings of the National 
Academy of Sciences. 2012;109(15):5588-93. 
References
144

[48] Li LH, Chen Y, Behan G, Zhang H, Petravic M, Glushenkov AM. Large-scale mechanical peeling 
of boron nitride nanosheets by low-energy ball milling. Journal of Materials Chemistry. 
2011;21(32):11862-6. 
[49] Francke M, Hermann H, Wenzel R, Seifert G, Wetzig K. Modification of carbon nanostructures 
by high energy ball-milling under argon and hydrogen atmosphere. Carbon. 2005;43(6):1204-12. 
[50] Lin IJ, Nadiv S. Review of the phase transformation and synthesis of inorganic solids obtained by 
mechanical treatment (mechanochemical reactions). Materials Science and Engineering. 
1979;39(2):193-209. 
[51] Yermakov AY, Yurchikov YY, Barinov V. Magnetic properties of amorphous powders of Y-Co 
alloys produced by grinding. The Physics of Metals and Metallography. 1983;52(6):50-8. 
[52] Eckert J, Schultz L, Urban K. Formation of quasicrystals by mechanical alloying. Applied Physics 
Letters. 1989;55(2):117-9. 
[53] Koch C, Cavin O, McKamey C, Scarbrough J. Preparation of ‘‘amorphous’’Ni60Nb40 by 
mechanical alloying. Applied Physics Letters. 1983;43(11):1017-9. 
[54] Schwarz RB, Koch CC. Formation of amorphous alloys by the mechanical alloying of crystalline 
powders of pure metals and powders of intermetallics. Applied Physics Letters. 1986;49(3):146-8. 
[55] Köster U, Meinhardt J, Roos S, Liebertz H. Formation of quasicrystals in bulk glass forming Zr–
Cu–Ni–Al alloys. Applied Physics Letters. 1996;69:179. 
[56] Mizutani U, Takeuchi T, Fukunaga T. Formation of quasicrystals and approximant crystals by 
mechanical alloying in Mg-Al-Zn alloy system. Materials Transactions, JIM(Japan). 1993;34(2):102-8. 
[57] Li Y, Wei B, Liang J, Yu Q, Wu D. Transformation of carbon nanotubes to nanoparticles by ball 
milling process. Carbon. 1999;37(3):493-7. 
[58] Li LH, Chen Y, Glushenkov AM. Synthesis of boron nitride nanotubes by boron ink annealing. 
Nanotechnology. 2010;21(10):105601. 
[59] Chen Y, Chadderton LT, Gerald JF, Williams JS. A solid-state process for formation of boron 
nitride nanotubes. Applied Physics Letters. 1999;74(20):2960-2. 
[60] Chen Y, Fitz Gerald J, Chadderton LT, Chaffron L. Nanoporous carbon produced by ball milling. 
Applied Physics Letters. 1999;74(19):2782-4. 
References
145

[61] Rojas-Chávez H, Díaz-de la Torre S, Jaramillo-Vigueras D, Plascencia G. PbTe mechanosynthesis 
from PbO and Te. Journal of Alloys and Compounds. 2009;483(1):275-8. 
[62] Zhang F, Kaczmarek W, Lu L, Lai M. Formation of titanium nitrides via wet reaction ball milling. 
Journal of Alloys and Compounds. 2000;307(1):249-53. 
[63] Chen Y, Williams J, Wang G. High-temperature phase transformations of iron anhydrous ammonia 
system realized by ball milling at room temperature. Journal of Applied Physics. 1996;79(8):3956-62. 
[64] Chen Y, Williams JS. Competitive gas-solid reactions realized by ball milling of Zr in ammonia 
gas. Journal of Materials Research. 1996;11(6):1500. 
[65] Chen Y, Li Z, Williams J. The evolution of hydriding and nitriding reactions during ball milling 
of titanium in ammonia. Journal of Materials Science Letters. 1995;14(8):542-4. 
[66] Chen Y, Williams J, Wang G. HighǦtemperature phase transformations of iron anhydrous ammonia 
system realized by ball milling at room temperature. Journal of applied physics. 1996;79(8):3956-62. 
[67] Chen Y, Williams JS. Competitive gas-solid reactions realized by ball milling of Zr in ammonia 
gas. J Mater Res. 1996;11(6):1500-6. 
[68] Fulmer DA, Shearouse WC, Medonza ST, Mack J. Solvent-free Sonogashira coupling reaction via 
high speed ball milling. Green Chemistry. 2009;11(11):1821-5. 
[69] Rodríguez B, Rantanen T, Bolm C. Solvent-free asymmetric organocatalysis in a ball mill. 
Angewandte Chemie. 2006;118(41):7078-80. 
[70] Ichikawa T, Hanada N, Isobe S, Leng HY, Hironobu F. Composite materials based on light 
elements for hydrogen storage. Materials Transactions. 2005;46(1):1-14. 
[71] Janot R, Guerard D. Ball-milling in liquid media - Applications to the preparation of anodic 
materials for lithium-ion batteries. Progress in Materials Science. 2005;50(1):1-92. 
[72] Tidjani M, Lachter J, Kabre T, Bragg R. Structural disorder induced in graphite by grinding. 
Carbon. 1986;24(4):447-9. 
[73] Shen T, Ge W, Wang K, Quan M, Wang J, Wei W, Koch C. Structural disorder and phase 
transformation in graphite produced by ball milling. Nanostructured Materials. 1996;7(4):393-9. 
[74] Ong T, Yang H. Effect of atmosphere on the mechanical milling of natural graphite. Carbon. 
2000;38(15):2077-85. 
References
146

[75] Welham N, Berbenni V, Chapman P. Effect of extended ball milling on graphite. Journal of Alloys 
and Compounds. 2003;349(1):255-63. 
[76] Orimo S, Majer G, Fukunaga T, Zuttel A, Schlapbach L, Fujii H. Hydrogen in the mechanically 
prepared nanostructured graphite. Applied Physics Letters. 1999;75(20):3093-5. 
[77] Lee H-Y, Lee S-M. Carbon-coated nano-Si dispersed oxides/graphite composites as anode material 
for lithium ion batteries. Electrochemistry Communications. 2004;6(5):465-9. 
[78] Zhang Y, Zhang X, Zhang H, Zhao Z, Li F, Liu C, Cheng H. Composite anode material of 
silicon/graphite/carbon nanotubes for Li-ion batteries. Electrochimica Acta. 2006;51(23):4994-5000. 
[79] Wang C, Wu G, Li W. Lithium insertion in ball-milled graphite. Journal of Power Sources. 
1998;76(1):1-10. 
[80] Zhang W-J. A review of the electrochemical performance of alloy anodes for lithium-ion batteries. 
Journal of Power Sources. 2011;196(1):13-24. 
[81] Avouris P, Chen Z, Perebeinos V. Carbon-based electronics. Nature Nanotechnology. 
2007;2(10):605-15. 
[82] Pumera M. Graphene-based nanomaterials and their electrochemistry. Chemical Society Reviews. 
2010;39(11):4146-57. 
[83] Novoselov K, Jiang D, Schedin F, Booth T, Khotkevich V, Morozov S, Geim A. Two-dimensional 
atomic crystals. Proceedings of the National Academy of Sciences of the United States of America. 
2005;102(30):10451. 
[84] Su CY, Lu AY, Xu Y, Chen FR, Khlobystov AN, Li LJ. High-quality thin graphene films from 
fast electrochemical exfoliation. Acs Nano. 2011;5(3):2332-39. 
[85] Hernandez Y, Nicolosi V, Lotya M, Blighe F, Sun Z, De S, McGovern I, Holland B, Byrne M, 
Gunko Y. High yield production of graphene by liquid phase exfoliation of graphite. Nature 
Nanotechnology. 2008;3:563-68. 
[86] Zhang X, Coleman AC, Katsonis N, Browne WR, van Wees BJ, Feringa BL. Dispersion of 
graphene in ethanol using a simple solvent exchange method. Chemical Communications. 
2010;46(40):7539-41. 
References
147

[87] Lotya M, King PJ, Khan U, De S, Coleman JN. High-concentration, surfactant-stabilized graphene 
dispersions. Acs Nano. 2010;4(6):3155-62. 
[88] Stankovich S, Dikin DA, Piner RD, Kohlhaas KA, Kleinhammes A, Jia Y, Wu Y, Nguyen SBT, 
Ruoff RS. Synthesis of graphene-based nanosheets via chemical reduction of exfoliated graphite oxide. 
Carbon. 2007;45(7):1558-65. 
[89] Gómez-Navarro C, Weitz RT, Bittner AM, Scolari M, Mews A, Burghard M, Kern K. Electronic 
transport properties of individual chemically reduced graphene oxide sheets. Nano Letters. 
2007;7(11):3499-503. 
[90] Somani PR, Somani SP, Umeno M. Planer nano-graphenes from camphor by CVD. Chemical 
Physics Letters. 2006;430(1-3):56-9. 
[91] Obraztsov A, Obraztsova E, Tyurnina A, Zolotukhin A. Chemical vapor deposition of thin graphite 
films of nanometer thickness. Carbon. 2007;45(10):2017-21. 
[92] Reina A, Jia X, Ho J, Nezich D, Son H, Bulovic V, Dresselhaus MS, Kong J. Large area, few-layer 
graphene films on arbitrary substrates by chemical vapor deposition. Nano Letters. 2008;9(1):30-5. 
[93] Dato A, Radmilovic V, Lee Z, Phillips J, Frenklach M. Substrate-free gas-phase synthesis of 
graphene sheets. Nano Letters. 2008;8(7):2012-6. 
[94] Park J, Xiong W, Gao Y, Qian M, Xie Z, Mitchell M, Zhou Y, Han G, Jiang L, Lu Y. Fast growth 
of graphene patterns by laser direct writing. Applied Physics Letters. 2011;98:123109. 
[95] Zhao W, Fang M, Wu F, Wu H, Wang L, Chen G. Preparation of graphene by exfoliation of 
graphite using wet ball milling. Journal of Materials Chemistry. 2010;20(28):5817-9. 
[96] León V, Quintana M, Herrero MA, Fierro JL, de la Hoz A, Prato M, Vázquez E. Few-layer 
graphenes from ball-milling of graphite with melamine. Chemical Communications. 
2011;47(39):10936-8. 
[97] Yu J, Qin L, Hao Y, Kuang S, Bai X, Chong Y-M, Zhang W, Wang E. Vertically aligned boron 
nitride nanosheets: chemical vapor synthesis, ultraviolet light emission, and superhydrophobicity. Acs 
Nano. 2010;4(1):414-22. 
References
148

[98] Zhi C, Bando Y, Tang C, Kuwahara H, Golberg D. Large-scale fabrication of boron nitride 
nanosheets and their utilization in polymeric composites with improved thermal and mechanical 
properties. Advanced Materials. 2009;21(28):2889-93. 
[99] Hua Li L, Chen Y, Cheng B-M, Lin M-Y, Chou S-L, Peng Y-C. Photoluminescence of boron 
nitride nanosheets exfoliated by ball milling. Applied Physics Letters. 2012;100(26):261108--4. 
[100] Li L, Li LH, Chen Y, Dai XJ, Lamb PR, Cheng B-M, Lin M-Y, Liu X. High-quality boron nitride 
nanoribbons: unzipping during nanotube synthesis. Angewandte Chemie. 2013;125(15):4306-10. 
[101] Radisavljevic B, Radenovic A, Brivio J, Giacometti V, Kis A. Single-layer MoS2 transistors. 
Nature Nanotechnology. 2011;6(3):147-50. 
[102] Molina-Sánchez A, Wirtz L. Phonons in single-layer and few-layer MoS2 and WS2. Physical 
Review B. 2011;84(15):155413. 
[103] Elías AL, Perea-López N, Castro-Beltrán A, Berkdemir A, Lv R, Feng S, Long AD, Hayashi T, 
Kim YA, Endo M. Controlled Synthesis and Transfer of Large Area WS2 Sheets: From Single-Layer 
to Few-Layers. Acs Nano. 2013. 
[104] Lee YH, Zhang XQ, Zhang W, Chang MT, Lin CT, Chang KD, Yu YC, Wang JTW, Chang CS, 
Li LJ. Synthesis of large-area MoS2 atomic layers with chemical vapor deposition. Advanced Materials. 
2012;24(17):2320-5. 
[105] Ramakrishna Matte H, Gomathi A, Manna AK, Late DJ, Datta R, Pati SK, Rao C. MoS2 and WS2 
analogues of graphene. Angewandte Chemie. 2010;122(24):4153-6. 
[106] Bellosta von Colbe J, Bogdanoviü B, Felderhoff M, Pommerin A, Schüth F. Recording of 
hydrogen evolution—a way for controlling the doping process of sodium alanate by ball milling. 
Journal of Alloys and Compounds. 2004;370(1):104-9. 
[107] Ma PC, Tang BZ, Kim J-K. Effect of CNT decoration with silver nanoparticles on electrical 
conductivity of CNT-polymer composites. Carbon. 2008;46(11):1497-505. 
[108] Jeon I-Y, Choi H-J, Jung S-M, Seo J-M, Kim M-J, Dai L, Baek J-B. Large-scale production of 
edge-selectively functionalized graphene nanoplatelets via ball milling and their use as metal-free 
electrocatalysts for oxygen reduction reaction. Journal of the American Chemical Society. 
2012;135(4):1386-93. 
References
149

[109] Jeon I-Y, Choi H-J, Jung S-M, Seo J-M, Kim M-J, Dai L, Baek J-B. Large-scale production of 
edge-selectively functionalized graphene nanoplatelets via ball milling and their use as metal-free 
electrocatalysts for oxygen reduction reaction. Journal of the American Chemical Society. 2012. 
[110] Yazami R, Touzain P. A reversible graphite-lithium negative electrode for electrochemical 
generators. Journal of Power Sources. 1983;9(3):365-71. 
[111] Fauteux D, Koksbang R. Rechargeable lithium battery anodes: alternatives to metallic lithium. 
Journal of Applied Electrochemistry. 1993;23(1):1-10. 
[112] Guerard D, Herold A. Intercalation of lithium into graphite and other carbons. Carbon. 
1975;13(4):337-45. 
[113] Holzwarth N, Rabii S. Energy band structure of lithium—graphite intercalation compound. 
Materials Science and Engineering. 1977;31:195-200. 
[114] Dey A, Sullivan B. The electrochemical decomposition of propylene carbonate on graphite. 
Journal of The Electrochemical Society. 1970;117(2):222-4. 
[115] Fong R, von Sacken U, Dahn J. Studies of lithium intercalation into carbons using nonaqueous 
electrochemical cells. Journal of The Electrochemical Society. 1990;137(7):2009-13. 
[116] Etacheri V, Marom R, Elazari R, Salitra G, Aurbach D. Challenges in the development of 
advanced Li-ion batteries: a review. Energy & Environmental Science. 2011;4(9):3243-62. 
[117] Aurbach D, Zaban A, Ein-Eli Y, Weissman I, Chusid O, Markovsky B, Levi M, Levi E, Schechter 
A, Granot E. Recent studies on the correlation between surface chemistry, morphology, three-
dimensional structures and performance of Li and Li-C intercalation anodes in several important 
electrolyte systems. Journal of Power Sources. 1997;68(1):91-8. 
[118] Marom R, Amalraj SF, Leifer N, Jacob D, Aurbach D. A review of advanced and practical lithium 
battery materials. Journal of Materials Chemistry. 2011;21(27):9938-54. 
[119] Sivakkumar S, Milev AS, Pandolfo A. Effect of ball-milling on the rate and cycle-life 
performance of graphite as negative electrodes in lithium-ion capacitors. Electrochimica Acta. 
2011;56(27):9700-6. 
References
150

[120] Disma F, Aymard L, Dupont L, Tarascon JM. Effect of mechanical grinding on the lithium 
intercalation process in graphites and soft carbons. Journal of The Electrochemical Society. 
1996;143(12):3959-72. 
[121] Salver-Disma F, Du Pasquier A, Tarascon J-M, Lassègues J-C, Rouzaud J-N. Physical 
characterization of carbonaceous materials prepared by mechanical grinding. Journal of Power Sources. 
1999;81:291-5. 
[122] Yeon S-H, Jung K-N, Yoon S, Shin K-H, Jin C-S. Electrochemical performance of carbide-
derived carbon anodes for lithium-ion batteries. Journal of Physics and Chemistry of Solids. 2013. 
[123] Zheng T, Reimers J, Dahn J. Effect of turbostratic disorder in graphitic carbon hosts on the 
intercalation of lithium. Physical Review B. 1995;51(2):734. 
[124] Zheng T, Xing W, Dahn J. Carbons prepared from coals for anodes of lithium-ion cells. Carbon. 
1996;34(12):1501-7. 
[125] Takami N, Satoh A, Oguchi M, Sasaki H, Ohsaki T. 7Li NMR and ESR analysis of lithium storage 
in a high-capacity perylene-based disordered carbon. Journal of Power Sources. 1997;68(2):283-6. 
[126] Mabuchi A, Tokumitsu K, Fujimoto H, Kasuh T. Charge-discharge characteristics of the 
mesocarbon miocrobeads heat-treated at different temperatures. Journal of The Electrochemical Society. 
1995;142(4):1041-6. 
[127] Menachem C, Peled E, Burstein L, Rosenberg Y. Characterization of modified NG7 graphite as 
an improved anode for lithium-ion batteries. Journal of Power Sources. 1997;68(2):277-82. 
[128] Guo S, Zhang S, Sun S. Tuning nanoparticle catalysis for the oxygen reduction reaction. 
Angewandte Chemie International Edition. 2013. 
[129] Bezerra CW, Zhang L, Lee K, Liu H, Marques AL, Marques EP, Wang H, Zhang J. A review of 
Fe–N/C and Co–N/C catalysts for the oxygen reduction reaction. Electrochimica Acta. 
2008;53(15):4937-51. 
[130] Yuasa M, Yamaguchi A, Itsuki H, Tanaka K, Yamamoto M, Oyaizu K. Modifying carbon 
particles with polypyrrole for adsorption of cobalt ions as electrocatatytic site for oxygen reduction. 
Chemistry of Materials. 2005;17(17):4278-81. 
References
151

[131] Li Y, Zhao Y, Cheng H, Hu Y, Shi G, Dai L, Qu L. Nitrogen-doped graphene quantum dots with 
oxygen-rich functional groups. Journal of the American Chemical Society. 2012;134(1):15–8. 
[132] Parsons R, VanderNoot T. The oxidation of small organic molecules: A survey of recent fuel cell 
related research. Journal of electroanalytical chemistry and interfacial electrochemistry. 1988;257(1):9-
45. 
[133] Li Q, Zhang S, Dai L, Li L-s. Nitrogen-doped colloidal graphene quantum dots and their size-
dependent electrocatalytic activity for the oxygen reduction reaction. Journal of the American Chemical 
Society. 2012;134(46):18932-5. 
[134] Li Y, Zhou W, Wang H, Xie L, Liang Y, Wei F, Idrobo J-C, Pennycook SJ, Dai H. An oxygen 
reduction electrocatalyst based on carbon nanotube-graphene complexes. Nature Nanotechnology. 
2012;7(6):394-400. 
[135] Liang Y, Li Y, Wang H, Zhou J, Wang J, Regier T, Dai H. Co3O4 nanocrystals on graphene as a 
synergistic catalyst for oxygen reduction reaction. Nature Materials. 2011;10(10):780-6. 
[136] Boukhvalov DW, Son Y-W. Oxygen reduction reactions on pure and nitrogen-doped graphene: 
a first-principles modeling. Nanoscale. 2012;4(2):417-20. 
[137] Zhang L, Xia Z. Mechanisms of oxygen reduction reaction on nitrogen-doped graphene for fuel 
cells. The Journal of Physical Chemistry C. 2011;115(22):11170-6. 
[138] Pels JR, Kapteijn F, Moulijn JA, Zhu Q, Thomas KM. Evolution of nitrogen functionalities in 
carbonaceous materials during pyrolysis. Carbon. 1995;33(11):1641–53. 
[139] Sharifi T, Hu G, Jia X, Wågberg T. Formation of active sites for oxygen reduction reactions by 
transformation of nitrogen functionalities in nitrogen-doped carbon nanotubes. ACS nano. 
2012;6(10):8904-12. 
[140] Sheng Z-H, Shao L, Chen J-J, Bao W-J, Wang F-B, Xia X-H. Catalyst-free synthesis of nitrogen-
doped graphene via thermal annealing graphite oxide with melamine and its excellent electrocatalysis. 
ACS nano. 2011;5(6):4350-8. 
[141] Rao CV, Cabrera CR, Ishikawa Y. In search of the active site in nitrogen-doped carbon nanotube 
electrodes for the oxygen reduction reaction. The Journal of Physical Chemistry Letters. 
2010;1(18):2622-7. 
References
152

[142] Yu L, Pan X, Cao X, Hu P, Bao X. Oxygen reduction reaction mechanism on nitrogen-doped 
graphene: A density functional theory study. Journal of Catalysis. 2011;282(1):183-90. 
[143] Ikeda T, Boero M, Huang S-F, Terakura K, Oshima M, Ozaki J-i. Carbon alloy catalysts: active 
sites for oxygen reduction reaction. The Journal of Physical Chemistry C. 2008;112(38):14706-9. 
[144] Zhang L, Niu J, Dai L, Xia Z. Effect of microstructure of nitrogen-doped graphene on oxygen 
reduction activity in fuel cells. Langmuir. 2012;28(19):7542-50. 
[145] Kim H, Lee K, Woo SI, Jung Y. On the mechanism of enhanced oxygen reduction reaction in 
nitrogen-doped graphene nanoribbons. Physical Chemistry Chemical Physics. 2011;13(39):17505-10. 
[146] Huang S-F, Terakura K, Ozaki T, Ikeda T, Boero M, Oshima M, Ozaki J-i, Miyata S. First-
principles calculation of the electronic properties of graphene clusters doped with nitrogen and boron: 
Analysis of catalytic activity for the oxygen reduction reaction. Physical Review B. 
2009;80(23):235410. 
[147] Brunauer S, Emmett PH, Teller E. Adsorption of gases in multimolecular layers. Journal of the 
American Chemical Society. 1938;60(2):309-19. 
[148] De Boer J, Lippens B, Linsen B, Broekhoff J, Van den Heuvel A, Osinga TJ. The t-curve of 
multimolecular N2-adsorption. Journal of Colloid and Interface Science. 1966;21(4):405-14. 
[149] Tuinstra F, Koenig JL. Raman spectrum of graphite. The Journal of Chemical Physics. 
1970;53:1126. 
[150] Maeta H, Sato Y. Raman spectra of neutron-irradiated pyrolytic graphite. Solid State 
Communications. 1977;23(1):23-5. 
[151] Vidano R, Fischbach DB. New lines in the Raman spectra of carbons and graphite. Journal of the 
American Ceramic Society. 1978;61(1Ǧ2):13-7. 
[152] Nemanich R, Solin S. First-and second-order Raman scattering from finite-size crystals of 
graphite. Physical Review B. 1979;20(2):392. 
[153] Vidano R, Fischbach D, Willis L, Loehr T. Observation of Raman band shifting with excitation 
wavelength for carbons and graphites. Solid State Communications. 1981;39(2):341-4. 
[154] Ferrari A, Robertson J. Interpretation of Raman spectra of disordered and amorphous carbon. 
Physical Review B. 2000;61(20):14095. 
References
153

[155] Ferrari AC. Raman spectroscopy of graphene and graphite: Disorder, electron–phonon coupling, 
doping and nonadiabatic effects. Solid State Communications. 2007;143(1):47-57. 
[156] Fischer D, Wentzcovitch R, Carr R, Continenza A, Freeman A. Graphitic interlayer states: A 
carbon K near-edge x-ray-absorption fine-structure study. Physical Review B. 1991;44(3):1427. 
[157] Batson P. Carbon 1s near-edge-absorption fine structure in graphite. Physical Review B. 
1993;48(4):2608. 
[158] McCulloch D, Brydson R. Carbon K-shell near-edge structure calculations for graphite using the 
multiple-scattering approach. Journal of Physics: Condensed Matter. 1996;8(21):3835. 
[159] Coleman V, Knut R, Karis O, Grennberg H, Jansson U, Quinlan R, Holloway B, Sanyal B, 
Eriksson O. Defect formation in graphene nanosheets by acid treatment: an x-ray absorption 
spectroscopy and density functional theory study. Journal of Physics D: Applied Physics. 
2008;41(6):062001. 
[160] Milev AS, Tran NH, Kannangara GK, Wilson MA. Unoccupied electronic structure of ball-milled 
graphite. Physical Chemistry Chemical Physics. 2010;12(25):6685-91. 
[161] Salver-Disma F, Tarascon JM, Clinard C, Rouzaud JN. Transmission electron microscopy studies 
on carbon materials prepared by mechanical milling. Carbon. 1999;37(12):1941-59. 
[162] Kawashima Y, Katagiri G. Fundamentals, overtones, and combinations in the Raman spectrum 
of graphite. Physical Review B. 1995;52(14):10053. 
[163] Pimenta M, Dresselhaus G, Dresselhaus MS, Jorio A, Saito R. Studying disorder in graphite-
based systems by Raman spectroscopy. Physical Chemistry Chemical Physics. 2007;9(11):1276-90. 
[164] Elman B, Dresselhaus M, Dresselhaus G, Maby E, Mazurek H. Raman scattering from ion-
implanted graphite. Physical Review B. 1981;24(2):1027. 
[165] Chen Y, Halstead T, Williams J. Influence of milling temperature and atmosphere on the synthesis 
of iron nitrides by ball milling. Materials Science and Engineering: A. 1996;206(1):24-9. 
[166] Ferrari A, Robertson J. Resonant Raman spectroscopy of disordered, amorphous, and 
diamondlike carbon. Physical Review B. 2001;64(7):075414. 
References
154

[167] Sato K, Saito R, Oyama Y, Jiang J, Cancado L, Pimenta M, Jorio A, Samsonidze GG, Dresselhaus 
G, Dresselhaus M. D-band Raman intensity of graphitic materials as a function of laser energy and 
crystallite size. Chemical Physics Letters. 2006;427(1):117-21. 
[168] Bokova S, Obraztsova E, Grebenyukov V, Elumeeva K, Ishchenko A, Kuznetsov V. Raman 
diagnostics of multi-wall carbon nanotubes with a small wall number. physica status solidi (b). 
2010;247(11Ǧ12):2827-30. 
[169] Lazzeri M, Piscanec S, Mauri F, Ferrari A, Robertson J. Phonon linewidths and electron-phonon 
coupling in graphite and nanotubes. Physical Review B. 2006;73(15):155426. 
[170] Gogotsi Y, Nikitin A, Ye H, Zhou W, Fischer JE, Yi B, Foley HC, Barsoum MW. Nanoporous 
carbide-derived carbon with tunable pore size. Nature Materials. 2003;2(9):591-4. 
[171] Golberg D, Bando Y, Huang Y, Terao T, Mitome M, Tang C, Zhi C. Boron nitride nanotubes and 
nanosheets. Acs Nano. 2010;4(6):2979-93. 
[172] Xing T, Li LH, Hou L, Hu X, Zhou S, Peter R, Petravic M, Chen Y. Disorder in ball-milled 
graphite revealed by Raman spectroscopy. Carbon. 2013;57:515-9. 
[173] Jeon I-Y, Choi H-J, Ju MJ, Choi IT, Lim K, Ko J, Kim HK, Kim JC, Lee J-J, Shin D. Direct 
nitrogen fixation at the edges of graphene nanoplatelets as efficient electrocatalysts for energy 
conversion. Scientific Reports. 2013;3. 
[174] Kang B, Ceder G. Battery materials for ultrafast charging and discharging. Nature. 
2009;458(7235):190-3. 
[175] Chung S-Y, Bloking JT, Chiang Y-M. Electronically conductive phospho-olivines as lithium 
storage electrodes. Nature Materials. 2002;1(2):123-8. 
[176] Voevodin A, Zabinski J. Nanocomposite and nanostructured tribological materials for space 
applications. Composites Science and Technology. 2005;65(5):741-8. 
[177] Johnson VR, Vaughn GW. Investigation of the Mechanism of MoS2 Lubrication in Vacuum. 
Journal of Applied Physics. 1956;27(10):1173-9. 
[178] Sliney HE. Solid lubricant materials for high temperatures—a review. Tribology International. 
1982;15(5):303-15. 
References
155

[179] Xiao J, Zhang L, Zhou K, Li J, Xie X, Li Z. Anisotropic friction behaviour of highly oriented 
pyrolytic graphite. Carbon. 2013;65:53-62. 
[180] Cui L, Lu Z, Wang L. Probing the low-friction mechanism of diamond-like carbon by varying of 
sliding velocity and vacuum pressure. Carbon. 2014;66:259-66. 
[181] Efeoglu I, Baran Ö, Yetim F, AltÕntaú S. Tribological characteristics of MoS2–Nb solid lubricant 
film in different tribo-test conditions. Surface and Coatings Technology. 2008;203(5):766-70. 
[182] Chen D, Ichikawa T, Fujii H, Ogita N, Udagawa M, Kitano Y, Tanabe E. Unusual hydrogen 
absorption properties in graphite mechanically milled under various hydrogen pressures up to 6 MPa. 
Journal of Alloys and Compounds. 2003;354(1):L5-L9. 
[183] Chevallier F, Aymard L, Tarascon J. Influence of oxygen and hydrogen milling atmospheres on 
the electrochemical properties of ballmilled graphite. Journal of the Electrochemical Society. 
2001;148(11):A1216-A24. 
[184] Gomibuchi E, Ichikawa T, Kimura K, Isobe S, Nabeta K, Fujii H. Electrode properties of a double 
layer capacitor of nano-structured graphite produced by ball milling under a hydrogen atmosphere. 
Carbon. 2006;44(5):983-8. 
[185] Welham N, Williams J. Extended milling of graphite and activated carbon. Carbon. 
1998;36(9):1309-15. 
[186] Novoselov K, Geim AK, Morozov S, Jiang D, Grigorieva MKI, Dubonos S, Firsov A. Two-
dimensional gas of massless Dirac fermions in graphene. Nature. 2005;438(7065):197-200. 
[187] Xing T, Li LH, Hou L, Hu X, Zhou S, Peter R, Petravic M, Chen Y. Disorder in ball-milled 
graphite revealed by Raman spectroscopy. Carbon. 2013. 
[188] Liang K, Chianelli R, Chien F, Moss S. Structure of poorly crystalline MoS2-A modeling study. 
Journal of Non-Crystalline Solids. 1986;79(3):251-73. 
[189] Chen Y, Fitz Gerald J, Williams J, Bulcock S. Synthesis of boron nitride nanotubes at low 
temperatures using reactive ball milling. Chemical Physics Letters. 1999;299(3):260-4. 
[190] Wexler D, Calka A, Mosbah AY. Ti–TiN hardmetals prepared by in situ formation of TiN during 
reactive ball milling of Ti in ammonia. Journal of Alloys and Compounds. 2000;309(1):201-7. 
References
156

[191] Chen Y, Calka A, Williams J, Ninham B. Nitriding reactions of Ti- Al system induced by ball 
milling in ammonia gas. Materials Science and Engineering: A. 1994;187(1):51-5. 
[192] Brandes JA, Cody GD, Rumble D, Haberstroh P, Wirick S, Gelinas Y. Carbon K-edge XANES 
spectromicroscopy of natural graphite. Carbon. 2008;46(11):1424-34. 
[193] Mayer R, Hävecker M, Knop-Gericke A, Schlögl R. Investigation of ammonia oxidation over 
copper with in situ NEXAFS in the soft X-ray range: influence of pressure on the catalyst performance. 
Catalysis Letters. 2001;74(3-4):115-9. 
[194] Schirmer J, Trofimov A, Randall K, Feldhaus J, Bradshaw A, Ma Y, Chen C, Sette F. K-shell 
excitation of the water, ammonia, and methane molecules using high-resolution photoabsorption 
spectroscopy. Physical Review A. 1993;47(2):1136. 
[195] Bozanic A, Petravic M, Fan L-J, Yang Y-W, Chen Y. Direct observation of defect levels in 
hexagonal BN by soft X-ray absorption spectroscopy. Chemical Physics Letters. 2009;472(4):190-3. 
[196] Petravic M, Peter R, Kavre I, Li LH, Chen Y, Fan L-J, Yang Y-W. Decoration of nitrogen 
vacancies by oxygen atoms in boron nitride nanotubes. Physical Chemistry Chemical Physics. 
2010;12(47):15349-53. 
[197] Romero HE, Joshi P, Gupta AK, Gutierrez HR, Cole MW, Tadigadapa SA, Eklund PC. 
Adsorption of ammonia on graphene. Nanotechnology. 2009;20(24):245501. 
[198] Leenaerts O, Partoens B, Peeters F. Adsorption of H2O, NH3, CO, NO2, and NO on graphene: A 
first-principles study. Physical Review B. 2008;77(12):125416. 
[199] Lian P, Zhu X, Liang S, Li Z, Yang W, Wang H. Large reversible capacity of high quality 
graphene sheets as an anode material for lithium-ion batteries. Electrochimica Acta. 2010;55(12):3909-
14. 
[200] Wang G, Shen X, Yao J, Park J. Graphene nanosheets for enhanced lithium storage in lithium ion 
batteries. Carbon. 2009;47(8):2049-53. 
[201] Sivakkumar S, Nerkar J, Pandolfo A. Rate capability of graphite materials as negative electrodes 
in lithium-ion capacitors. Electrochimica Acta. 2010;55(9):3330-5. 
References
157

[202] Largeot C, Portet C, Chmiola J, Taberna P-L, Gogotsi Y, Simon P. Relation between the ion size 
and pore size for an electric double-layer capacitor. Journal of the American Chemical Society. 
2008;130(9):2730-1. 
[203] Toupin M, Brousse T, Bélanger D. Charge storage mechanism of MnO2 electrode used in aqueous 
electrochemical capacitor. Chemistry of Materials. 2004;16(16):3184-90. 
[204] Reich S, Thomsen C. Raman spectroscopy of graphite. Philosophical Transactions of the Royal 
Society of London Series A: Mathematical, Physical and Engineering Sciences. 2004;362(1824):2271-
88. 
[205] Aurbach D, Markovsky B, Weissman I, Levi E, Ein-Eli Y. On the correlation between surface 
chemistry and performance of graphite negative electrodes for Li ion batteries. Electrochimica acta. 
1999;45(1):67-86. 
[206] Guérin K, Ménétrier M, Février-Bouvier A, Flandrois S, Simon B, Biensan P. A 7Li NMR study 
of a hard carbon for lithium–ion rechargeable batteries. Solid State Ionics. 2000;127(3):187-98. 
[207] Trease NM, Köster TK, Grey CP. In situ NMR studies of lithium ion batteries. Interface-
Electrochemical Society. 2011;20(3):69. 
[208] Laws DD, Bitter H-ML, Jerschow A. Solid-state NMR spectroscopic methods in chemistry. 
Angewandte Chemie International Edition. 2002;41(17):3096-129. 
[209] Wang H, Yoshio M. Carbon-coated natural graphite prepared by thermal vapor decomposition 
process, a candidate anode material for lithium-ion battery. Journal of Power Sources. 2001;93(1):123-
9. 
[210] Wang H, Maiyalagan T, Wang X. Review on recent progress in nitrogen-doped graphene: 
synthesis, characterization, and its potential applications. ACS Catalysis. 2012;2(5):781-94. 
[211] James SL, Adams CJ, Bolm C, Braga D, Collier P, Friscic T, Grepioni F, Harris KDM, Hyett G, 
Jones W, Krebs A, Mack J, Maini L, Orpen AG, Parkin IP, Shearouse WC, Steed JW, Waddell DC. 
Mechanochemistry: opportunities for new and cleaner synthesis. Chemical Society Reviews. 
2012;41(1):413-47. 
References
158

[212] Chen X, Yang H, Wu G, Wang M, Deng F, Zhang X, Peng J, Li W. Generation of curved or 
closed-shell carbon nanostructures by ball-milling of graphite. Journal of Crystal Growth. 
2000;218(1):57-61. 
[213] Kaupp G. Mechanochemistry: the varied applications of mechanical bond-breaking. 
Crystengcomm. 2009;11(3):388-403. 
[214] Chen Y, Conway M, Williams J, Zou J. Large-quantity production of high-yield boron nitride 
nanotubes. Journal of Materials Research. 2002;17(08):1896-9. 
[215] Li L, Li LH, Chen Y, Dai XJ, Xing T, Petravic M, Liu X. Mechanically activated catalyst mixing 
for high-yield boron nitride nanotube growth. Nanoscale Research Letters. 2012;7(1):417. 
[216] Chen Y, Conway MJ, Fitz Gerald JD, Williams JS, Chadderton LT. The nucleation and growth 
of carbon nanotubes in a mechano-thermal process. Carbon. 2004;42(8-9):1543-8. 
[217] Paulus U, Schmidt T, Gasteiger H, Behm R. Oxygen reduction on a high-surface area Pt/Vulcan 
carbon catalyst: a thin-film rotating ring-disk electrode study. Journal of Electroanalytical Chemistry. 
2001;495(2):134-45. 
[218] Schmidt T, Gasteiger H, Stäb G, Urban P, Kolb D, Behm R. Characterization of high-surface-
area electrocatalysts using a rotating disk electrode configuration. Journal of The Electrochemical 
Society. 1998;145:2354. 
[219] Kuga Y, Shirahige M, Ohira Y, Ando K. Production of finely ground natural graphite particles 
with high electrical conductivity by controlling the grinding atmosphere. Carbon. 2002;40(5):695-701. 
[220] Yang S, Feng X, Wang X, Müllen K. GrapheneǦbased carbon nitride nanosheets as efficient 
metalǦfree electrocatalysts for oxygen reduction reactions. Angewandte Chemie International Edition. 
2011;50(23):5339-43. 
[221] Wang L, Yue X, Zhang F, Zhang R. Effect of additional nickel on crystallization degree evolution 
of expanded graphite during ball-milling and annealing. Journal of Alloys and Compounds. 
2010;497(1):344-8. 
[222] Long D, Hong JY, Li W, Miyawaki J, Ling L, Mochida I, Yoon SH, Jang J. Fabrication of uniform 
graphene discs via transversal cutting of carbon nanofibers. ACS nano. 2011;5(8):6254–61. 
References
159

[223] Wu W, Nancollas GH. Determination of interfacial tension from crystallization and dissolution 
data: a comparison with other methods. Advances in Colloid and Interface Science. 1999;79(2):229-79. 
[224] Horita K, Nishibori Y, Ohshima T. Surface modification of carbon black by anodic oxidation and 
electrochemical characterization. Carbon. [Article]. 1996;34(2):217-22. 
[225] Shanmugam S, Gedanken A. Generation of hydrophilic, bamboo-shaped multiwalled carbon 
nanotubes by solid-state pyrolysis and its electrochemical studies. The Journal of Physical Chemistry 
B. 2006;110(5):2037-44. 
[226] Zheng Y, Jiao Y, Chen J, Liu J, Liang J, Du A, Zhang W, Zhu Z, Smith SC, Jaroniec M. 
Nanoporous graphitic-C3N4@ Carbon metal-free electrocatalysts for highly efficient oxygen reduction. 
Journal of the American Chemical Society. 2011;133(50):20116–9. 
[227] Li X, Wang H, Robinson JT, Sanchez H, Diankov G, Dai H. Simultaneous nitrogen doping and 
reduction of graphene oxide. Journal of the American Chemical Society. 2009;131(43):15939-44. 
[228] Kattel S, Atanassov PB, Kiefer B. Density-functional-theory study of Ni-Nx/C electrocatalyst for 
oxygen reduction in alkaline and acidic media. The Journal of Physical Chemistry C. 2012;116 
(33):17378–83. 
[229] Banks CE, Davies TJ, Wildgoose GG, Compton RG. Electrocatalysis at graphite and carbon 
nanotube modified electrodes: edge-plane sites and tube ends are the reactive sites. Chemical 
Communications. 2005(7):829-41. 
[230] Bowling RJ, Packard RT, McCreery RL. Activation of highly ordered pyrolytic graphite for 
heterogeneous electron transfer: relationship between electrochemical performance and carbon 
microstructure. Journal of the American Chemical Society. 1989;111(4):1217-23. 
[231] Cline KK, McDermott MT, McCreery RL. Anomalously slow electron transfer at ordered 
graphite electrodes: influence of electronic factors and reactive sites. The Journal of Physical Chemistry. 
1994;98(20):5314-9. 
[232] Ray III K, McCreery RL. Spatially resolved Raman spectroscopy of carbon electrode surfaces: 
observations of structural and chemical heterogeneity. Analytical Chemistry. 1997;69(22):4680-7. 
References
160

[233] Suntivich J, Gasteiger HA, Yabuuchi N, Shao-Horn Y. Electrocatalytic measurement 
methodology of oxide catalysts using a thin-film rotating disk electrode. Journal of the Electrochemical 
Society. [Article]. 2010;157(8):B1263-B8. 
[234] Treimer S, Tang A, Johnson DC. A consideration of the application of Koutecký-Levich plots in 
the diagnoses of charge-transfer mechanisms at rotated disk electrodes. Electroanalysis. 
2002;14(3):165-71. 
[235] Jörissen L. Bifunctional oxygen/air electrodes. Journal of Power Sources. 2006;155(1):23-32. 
[236] Chen W, Sun G, Guo J, Zhao X, Yan S, Tian J, Tang S, Zhou Z, Xin Q. Test on the degradation 
of direct methanol fuel cell. Electrochimica acta. 2006;51(12):2391-9. 
[237] Li H, Kang W, Wang L, Yue Q, Xu S, Wang H, Liu J. Synthesis of three-dimensional flowerlike 
nitrogen-doped carbons by a copyrolysis route and the effect of nitrogen species on the electrocatalytic 
activity in oxygen reduction reaction. Carbon. 2012;54:249-57. 
[238] Liu R, Wu D, Feng X, Müllen K. NitrogenǦDoped ordered mesoporous graphitic arrays with high 
electrocatalytic activity for oxygen reduction. Angewandte Chemie International Edition. 
2010;122(14):2619-23. 
[239] Niwa H, Horiba K, Harada Y, Oshima M, Ikeda T, Terakura K, Ozaki J-i, Miyata S. X-ray 
absorption analysis of nitrogen contribution to oxygen reduction reaction in carbon alloy cathode 
catalysts for polymer electrolyte fuel cells. Journal of Power Sources. 2009;187(1):93-7. 
[240] Zheng B, Wang J, Wang F-B, Xia X-H. Synthesis of nitrogen doped graphene with high 
electrocatalytic activity toward oxygen reduction reaction. Electrochemistry Communications. 
2012;28:24-6. 
[241] Naoi K, Ogihara N, Igarashi Y, Kamakura A, Kusachi Y, Utsugi K. Disordered carbon anode for 
lithium-ion battery I. An interfacial reversible redox action and anomalous topology changes. Journal 
of the Electrochemical Society. 2005;152(6):A1047-A53. 
[242] Lai L, Potts JR, Zhan D, Wang L, Poh CK, Tang C, Gong H, Shen Z, Lin J, Ruoff RS. Exploration 
of the active center structure of nitrogen-doped graphene-based catalysts for oxygen reduction reaction. 
Energy & Environmental Science. 2012;5(7):7936-42. 
References
161

[243] Zhang C, Hao R, Liao H, Hou Y. Synthesis of amino-functionalized graphene as metal-free 
catalyst and exploration of the roles of various nitrogen states in oxygen reduction reaction. Nano 
Energy. 2012;2(1):88-97. 
[244] Hummers Jr WS, Offeman RE. Preparation of graphitic oxide. Journal of the American Chemical 
Society. 1958;80(6):1339-. 
[245] Li D, Mueller MB, Gilje S, Kaner RB, Wallace GG. Processable aqueous dispersions of graphene 
nanosheets. Nature Nanotechnology. 2008;3(2):101-5. 
[246] Xiao B, Boudou J-P, Thomas K. Reactions of nitrogen and oxygen surface groups in nanoporous 
carbons under inert and reducing atmospheres. Langmuir. 2005;21(8):3400-9. 
[247] Ganguly A, Sharma S, Papakonstantinou P, Hamilton J. Probing the thermal deoxygenation of 
graphene oxide using high-resolution in situ X-ray-based spectroscopies. The Journal of Physical 
Chemistry C. 2011;115(34):17009-19. 
[248] Yang D, Velamakanni A, Bozoklu G, Park S, Stoller M, Piner RD, Stankovich S, Jung I, Field 
DA, Ventrice Jr CA. Chemical analysis of graphene oxide films after heat and chemical treatments by 
X-ray photoelectron and micro-Raman spectroscopy. Carbon. 2009;47(1):145-52. 
[249] He HY, Riedl T, Lerf A, Klinowski J. Solid-state NMR studies of the structure of graphite oxide. 
J Phys Chem. 1996;100(51):19954-8. 
[250] Kelemen S, Gorbaty M, Kwiatek P. Quantification of nitrogen forms in Argonne premium coals. 
Energy & Fuels. 1994;8(4):896-906. 
[251] Friebel J, Köpsel R. The fate of nitrogen during pyrolysis of German low rank coals—a parameter 
study. Fuel. 1999;78(8):923-32. 
[252] Subramanian NP, Li XG, Nallathambi V, Kumaraguru SP, Colon-Mercado H, Wu G, Lee JW, 
Popov BN. Nitrogen-modified carbon-based catalysts for oxygen reduction reaction in polymer 
electrolyte membrane fuel cells. Journal of Power Sources. 2009;188(1):38-44. 
[253] Saidi WA. Oxygen reduction electrocatalysis using N-doped graphene quantum-dots. The Journal 
of Physical Chemistry Letters. 2013 2013/12/05;4(23):4160-5.

